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ABSTRACT
We use the EAGLE suite of hydrodynamical simulations to analyse accretion
rates (and the breakdown of their constituent channels) onto haloes over cosmic time,
comparing the behaviour of baryons and dark matter (DM). We also investigate the
influence of sub-grid baryon physics on halo-scale inflow, specifically the consequences
of modelling radiative cooling, as well as feedback from stars and active galactic nuclei
(AGN). We find that variations in halo baryon fractions at fixed mass (particularly
their circum-galactic medium gas content) are very well correlated with variations in
the baryon fraction of accreting matter, which we show to be heavily suppressed by
stellar feedback in low-mass haloes, Mhalo . 1011.5M. Breaking down accretion rates
into first infall, recycled, transfer and merger components, we show that baryons are
much more likely to be smoothly accreted than to have originated from mergers when
compared to DM, finding (averaged across halo mass) a merger contribution of ≈ 6%
for baryons, and ≈ 15% for DM at z ≈ 0. We also show that the breakdown of in-
flow into different channels is strongly dependent on sub-grid physics, particularly the
contribution of recycled accretion (accreting matter that has been previously ejected
from progenitor haloes). Our findings highlight the dual role that baryonic feedback
plays in regulating the evolution of galaxies and haloes: by (i) directly removing gas
from haloes, and (ii) suppressing gas inflow to haloes.
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1 INTRODUCTION
1.1 Motivations & the current paradigm of mass
assembly
Cosmological simulations focused on the physics of galaxy
formation and evolution have proven to be exceptionally
powerful predictive tools in extragalactic astrophysics. Hy-
drodynamical simulations and semi-analytic models are de-
veloping in parallel, acting to support observational sur-
veys in constraining the complex baryonic physics that takes
place within galaxies, and their consequent observable prop-
erties (Somerville & Dave´ 2015).
Currently, semi-analytic models (SAMs) are the best
suited theoretical tool to investigate the physics behind
galaxy formation and evolution on large scales. This is
? E-mail: ruby.wright@icrar.org
largely due to their ability to explore vast regions of param-
eter space, and produce sizeable galaxy populations with-
out prohibitive computational cost. Many SAMs (e.g. GAL-
FORM: Cole et al. 2000; Lacey et al. 2016, l-galaxies:
Henriques et al. 2015, and Shark: Lagos et al. 2018b) build
galaxy populations based on dark matter (DM) only sim-
ulations, and must accordingly infer the growth of baryons
in galaxies based on the DM growth of the host halo. The
behaviour of baryons is normally assumed to trace exactly
that of DM, with a mass fraction of fb =
Ωb
Ωm
≈ 0.165, defined
by the parameters of a concordance Λ Cold DM (ΛCDM)
cosmology (Planck Collaboration et al. 2018).
In a no-feedback regime, Crain et al. (2007) show this
assumption to be valid in cosmological hydrodynamical sim-
ulations. They found that the baryon fraction of haloes
within the virial radius is (≈ 90 ± 6)% × fb, independent
of halo mass and redshift. This said, the assumption that
© 2020 The Authors
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the baryonic mass traces DM has not been extensively ex-
plored in modern simulations. The aim of our work is to ap-
proach this multi-faceted problem by making use of state-of-
the-art cosmological hydrodynamical simulations (including
feedback physics) to investigate gas and DM inflow, with the
eventual goal of applying our results to better inform SAMs.
In the standard ΛCDM paradigm, the classical picture
of matter accumulation on halo-scales is as follows: matter
collapses under its own gravity to form overdensities in a
filamentary structure referred to as the “cosmic web”. In the
case of DM, collapse will proceed (typically along the exist-
ing filaments) to form virialised, spherical haloes. In the case
of baryonic matter, as the gas falls onto these structures, it
can either (i) continue to free-fall to the central regions of
the halo, like DM (e.g. Katz et al. 2003; Keresˇ et al. 2005,
referred to as “cold-mode” accretion) or (ii) be shock heated
at the virial radius to form a semi-stable, pressure supported
atmosphere (e.g. Rees & Ostriker 1977; White & Rees 1978,
referred to as “hot-mode” accretion). Cold-mode accretion is
thought to dominate at high redshift, where it is possible for
cold, collimated streams to infiltrate hot haloes (e.g. Dekel
& Birnboim 2006; Ocvirk et al. 2008; Keresˇ et al. 2009; Dekel
et al. 2009; van de Voort et al. 2011). Hot-mode accretion
is expected in the case where gas infall is supersonic (Bin-
ney 1977), which is expected primarily in high halo masses
(groups/clusters). For a comprehensive review, see Benson
(2010).
Above, we discuss hot- and cold-modes of gas inflow
(both “smooth”-mode accretion), but it is also important to
consider the mass-growth of haloes and galaxies via merg-
ers or “clumpy” inflow. Hierarchical mass assembly is one
of defining processes predicted by a ΛCDM cosmology, with
numerical work from Genel et al. (2010) using the Millen-
nium and Millennium-II simulations suggesting that 60% of
total halo mass growth is the result of mergers (in a DM-only
regime). With an implementation of baryonic physics, van
de Voort et al. (2011) show that gas accretion onto haloes is
predominantly “smooth-mode”, with merger-driven baryon
growth (with mass ratios above 1 : 10) being only significant
in groups and clusters.
In order to model gas inflow onto haloes and galaxies,
it is also important to consider gas outflows. When stellar
and active galactic nuclei (AGN) feedback occurs in galax-
ies, the energetic outflows can produce “fountains” of matter
which will are eventually “recycled” into the galaxy (e.g. Ru-
bin et al. 2012; Emonts et al. 2015; Pereira-Santaella et al.
2016; Angle´s-Alca´zar et al. 2017). The balance between gas
inflow, outflow and recycling define the “baryon cycle” - the
time evolution and breakdown of baryons (and their proper-
ties) in different reservoirs, at both galaxy- and halo-scales.
The baryon cycle eventually sets the scaling between the
stellar mass, gas mass and halo mass of galaxies, with recent
simulation-based work highlighting the need for a more com-
plete understanding of the interaction between inflows and
outflows in the circum-galactic medium (CGM, see Mitchell
et al. 2020b and Mitchell et al. 2020a).
1.2 Quantifying baryon accretion: theoretical and
observational literature
Continuity arguments form the basis of many phenomeno-
logical efforts to model galaxy evolution in a cosmological
context (Bouche´ et al. 2010; Dave´ et al. 2012; Lilly et al.
2013; Peng & Maiolino 2014). Analytical approaches typi-
cally involve a halo inflow term, and the eventual accretion
onto the central galaxy is counteracted by preventative feed-
back terms. As an illustration, Dave´ et al. (2012) adopt the
following prescription:
ÛMin = ÛMgrav − ÛMprev + ÛMrecyc, (1)
where ÛMin is the net inflow rate to the galaxy, ÛMgrav is the
total mass inflow rate onto the host halo (see Equation 2),
ÛMprev represents the growth rate of intra-halo/CGM gas (gas
inside the halo, but outside the central galaxy), and ÛMrecyc
is the rate at which previously ejected gas (now part of
the CGM) is reincorporated into the central galaxy’s inter-
stellar medium (ISM). The preventative feedback parame-
ter, ζ , is then defined to be ζ ≡ 1 − ÛMprevÛMgrav . The ÛMgrav term is
derived from Extended Press Schechter (EPS) theory (Neis-
tein et al. 2006), taking into account the assumed cosmology
and predicted clustering of matter into spherical haloes. It
is described by Equation 2 from Dekel et al. (2009):
ÛMgrav
Mhalo
= 0.47 fb
(
Mhalo
1012M
)0.15 ( 1 + z
3
)2.25
Gyr−1. (2)
This prescription highlights the following points: (i) the effi-
ciency of gas inflow
( ÛMgrav/Mhalo) onto haloes increases mod-
estly with halo mass (with a power-law index = 0.15); (ii)
the efficiency of gas inflow onto haloes decreases over cos-
mic time, and (iii) the amount of gas that enters a galaxy’s
ISM is modulated by preventative feedback from the galaxy.
The latter can be broken down into: photoionisation, stellar
feedback (winds & heating), AGN feedback (winds & heat-
ing) and thermal pressure from gravitational compression.
More recently, some empirical models have begun to allow a
connection between galaxy star formation rates (SFRs) and
halo-scale inflow rates (Moster et al. 2018; Behroozi et al.
2019).
Several simulation-based studies have investigated the
influence of feedback physics on gas accretion. It is im-
portant to differentiate between gas accretion onto haloes
and gas accretion onto galaxies (effectively, the ÛMgrav term
and ÛMin term, respectively). The interplay between feedback
mechanisms and gas inflow within the halo environment is
explored in depth in van de Voort et al. (2011), who focus on
central halo- and galaxy-scale mass inflow (gross mass flux of
gas particles into these structures over a discrete timestep).
They define haloes as per the subfind algorithm (Springel
et al. 2001; Dolag et al. 2009), and the ISM as gas that is
dense enough (most of which will be star forming) within
0.15R200. With a range of GADGET-based (Springel 2005)
hydrodynamical simulations implementing varying physics,
they find: (i) that the efficiency of gas accretion onto haloes
is only weakly dependent on halo mass (and at halo masses
above 1011Mhalo, is fairly insensitive to feedback), and (ii)
that accretion rates to galaxies are much more sensitive to
somewhat uncertain feedback/cooling mechanisms.
Nelson et al. (2015) use two simulations based on the
moving mesh arepo code, one with both stellar & AGN
feedback (similar to the ILLUSTRIS simulation), and one
with neither stellar nor AGN feedback. They focus on inflows
at galaxy-scales for centrals, and measure net accretion rate
using a tracer-particle method, counting the number of in-
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ward crossings of a boundary at r = 0.15rvir, subtract the
number of outgoing crossings. They find that the fraction of
mass delivered via smooth accretion is consistently lower in
the presence of feedback by a factor of 2 at all redshifts, and
that at z < 1, cold-mode accretion in the feedback run is re-
duced to almost zero. At the halo-scale, they show for haloes
of mass 1011.3M < Mhalo < 1011.4M that inflow rates to
the virial sphere are similar between their feedback and no-
feedback runs at early times, but diverge by ≈ 0.25 dex at
z ≈ 0, where inflow rates are suppressed in the presence of
feedback.
More recently, Correa et al. (2018) investigate gas accre-
tion onto haloes and central galaxies in the EAGLE suite of
hydrodynamical simulations (Schaye et al. 2015; Crain et al.
2015). To calculate accretion rates to each halo, they find the
flux of particles from outside the Friends-Of-Friends (FOF)
halo to within the virial sphere, R200, crit. With this method-
ology, they find that gas accretion at the halo-scale in the
reference physics run deviates from a DM-only prediction
(Correa et al. 2015a,b,c), with inflow suppressed for lower
mass haloes. Interestingly, they show at the galaxy-scale for
z < 2 for haloes with 1011.7M < Mhalo < 1012.7M that
the accretion rate to galaxies remains roughly independent
of halo mass, while for haloes of mass Mhalo < 1011.7M or
Mhalo > 1012.7M, there is an obvious positive scaling of ac-
cretion rate with halo mass. They attribute the flattening at
the galaxy-scale to AGN feedback, as this flattening vanishes
in the no-AGN variant. They do not focus on comparing ac-
cretion rates onto haloes between different runs with varying
feedback physics.
Focusing instead on satellite galaxies, gas accretion and
its environmental dependence at the galaxy-scale was inves-
tigated in van de Voort et al. (2017) using the reference
EAGLE simulation (Schaye et al. 2015; Crain et al. 2015).
Using adjacent snapshots, they define gas accretion onto the
galaxy to be the number of newly star-forming ISM particles
found in a satellite, which were not star-forming at the pre-
vious snapshot. They found galaxies that become satellites
in massive haloes can be “starved” of gas accretion, directly
causing their star formation to quench.
Although simulation-based methodologies of measuring
inflow are decidedly diverse, it is also clear that the efficiency
of inflow scales with the mass of a halo in a non-linear man-
ner, eventually acting to set the relationship between stellar
and halo mass. Most simulation-based work has indicated
that feedback has little impact on the accretion rates at
the halo-scale, unlike the galaxy-scale. The reader should
note that the technique of calculating inflow, binning, and
averaging can have significant impact on the quantitative
measurements of accretion rates, and that some quantita-
tive tension between works could plausibly be explained by
the specific methodology used.
Observational constraints on gas accretion onto haloes
and galaxies are limited. Direct measurement of inflow is ex-
ceedingly difficult given the typically small covering fraction
of accreting material, the predominance of outflows, and the
necessity for individual high signal-to-noise (S/N) spectra
(Rubin et al. 2012). Additionally, accreting matter typically
has a relatively weak kinematic signature compared to the
galaxy’s systematic redshift, unlike (typically high-velocity)
feedback-driven outflows. Observational studies have con-
firmed the occurrence of inflows around the Milky Way (e.g.
Lehner & Howk 2011; Lockman et al. 2008). Others have
investigated extra-galactic sources with various methodolo-
gies, for instance direct “down-the-barrel” measurements of
redshifted absorption lines (e.g. Rubin et al. 2012, for a re-
view see Rubin 2017), and quasar-galaxy pairs (e.g. Bouche´
et al. 2013, 2016; Ho et al. 2017; Rahmani et al. 2018; Zabl
et al. 2019). At this stage, studies of this nature are diffi-
cult to discuss quantitatively, with some work focusing on
individual galaxies, and others limited to a sample of tens of
galaxies (Faucher-Gigue`re 2017). Despite the scarcity of di-
rect observations, it is clear from the star formation histories
and rates of galaxies that accretion is expected to be a major
regulator of galaxy growth (Lilly et al. 2013), and that ac-
cretion and outflows are likely interacting in the CGM (e.g.
Martin et al. 2019; Kacprzak et al. 2019; Pointon et al. 2019;
Nielsen et al. 2020).
The content we present in this paper is structured as fol-
lows. In §2, we introduce (i) the EAGLE hydrodynamical
simulation suite and the sub-grid models that are relevant to
this study, (ii) VELOCIraptor and TreeFrog: the phase-
space structure finder we use to identify bound haloes and
substructures (and its accompanying halo merger tree gen-
erator), and (iii) chumm: the code we use to calculate and
analyse accretion rates onto haloes in EAGLE. §3 compares
the build-up of gas and DM in EAGLE runs with fiducial
sub-grid physics. §4 looks at the impact of including various
physical processes in the hydrodynamical simulation when
compared to the results of §3. In §5, we discuss the implica-
tions of our findings on semi-analytic prescriptions of baryon
build-up in galaxies. In §6, we conclude what these findings
tell us about the growth of baryonic matter in galaxies, and
future direction. Lastly, in Appendices A, B, C and D, we
explore the sensitivity of our measurements to (i) number
statistics, (ii) simulation spatial/mass resolution, (iii) simu-
lation temporal resolution, and (iv) measurement method-
ology respectively.
2 METHODS
2.1 The EAGLE simulations
The EAGLE (Evolution and Assembly of GaLaxies and
their Environments) simulation suite (Schaye et al. 2015;
Crain et al. 2015) is a collection of cosmological hydrody-
namical simulations that follow the evolution of galaxies
and cosmological structure down to z = 0. The ANARCHY
(Schaller et al. 2015) set of revisions (designed to correct for
“classical”SPH issues) were implemented on the GADGET-
3 tree-SPH code (Springel 2005) to perform the EAGLE
simulations over a variety of periodic volumes and resolu-
tions. EAGLE adopts the parameters of a ΛCDM universe
from Planck Collaboration et al. (2014), with initial condi-
tions outlined in Jenkins (2013). Sub-grid physics modules
were implemented to treat processes that are important for
galaxy formation and evolution, but occur on scales below
the resolution-scale of the simulation. These include: (i) ra-
diative cooling and photoheating, (ii) star formation, (iii)
stellar evolution and enrichment, (iv) stellar feedback, and
(v) supermassive black hole (SMBH) growth and AGN feed-
back. Below, we provide a brief description of how these
mechanisms are modelled in EAGLE.
MNRAS 000, 1–25 (2020)
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Run Name
Lbox
[cMPc] Npart
mDM
[M]
mgas
[M]

[pkpc]
fth
(min)
fth
(max)
∆TSN
[K]
∆TAGN
[K] RC
Nfield halo (z = 0)
(Mhalo > 109M)
L25-REF 25 3763 9.7 × 106 1.8 × 106 0.7 0.3 3 107.5 108.5 X 9, 807
L50-REF 50 7523 9.7 × 106 1.8 × 106 0.7 0.3 3 107.5 108.5 X 74, 743
L50-NOAGN 50 7523 9.7 × 106 1.8 × 106 0.7 0.3 3 107.5 N/A X 74, 351
L50-AGNdT8 50 7523 9.7 × 106 1.8 × 106 0.7 0.3 3 107.5 108 X 74, 788
L50-AGNdT9 50 7523 9.7 × 106 1.8 × 106 0.7 0.3 3 107.5 109 X 75, 645
L25-ONLYAGN 25 3763 9.7 × 106 1.8 × 106 0.7 N/A N/A N/A 108.5 X 9, 944
L25-WEAKSN 25 3763 9.7 × 106 1.8 × 106 0.7 0.15 1.5 107.5 108.5 X 9, 951
L25-STRONGSN 25 3763 9.7 × 106 1.8 × 106 0.7 0.6 6 107.5 108.5 X 9, 839
L25-NOFB 25 3763 9.7 × 106 1.8 × 106 0.7 N/A N/A N/A N/A X 9, 362
L25-NONRAD 25 3763 9.7 × 106 1.8 × 106 0.7 N/A N/A N/A N/A × 10, 751
Table 1. Simulation parameters for the EAGLE runs utilised in this paper (Schaye et al. 2015; Crain et al. 2015). Lbox is the comoving
box size of the simulation; Npart refers to the number of DM particles (and initial number of gas particles); MDM and Mgas refer to the
masses of DM and gas particles in the simulation respectively;  refers to the Plummer equivalent maximum gravitational smoothing
length; fth, min & fth, max are the minimum and maximum supernovae energy transfer fractions (per unit stellar mass); ∆TSN & ∆TAGN are
the heating temperatures adopted for stellar and AGN feedback; “RC” indicates the inclusion of radiative cooling; and Nfield halo (z = 0)
describes the number of field haloes in each run at the final snapshot.
Run Name
Lbox
[cMPc] Npart
mDM
[M]
mgas
[M]

[pkpc]
fth
(min)
fth
(max)
∆TSN
[K]
∆TAGN
[K] RC
Nfield halo (z = 0)
(Mhalo > 109M)
L25N752-REF 25 7523 1.2 × 106 2.3 × 105 0.35 0.3 3 107.5 108.5 X 9, 906
L25N752-RECAL 25 7523 1.2 × 106 2.3 × 105 0.35 0.3 3 107.5 109 X 10, 068
(GADGET) L32-NONRAD 32 5123 2.7 × 107 5.0 × 106 3.0 N/A N/A N/A N/A × 74, 724
Table 2. Simulation parameters for the additional convergence and testing runs utilised in this paper, with EAGLE data from Schaye
et al. (2015); Crain et al. (2015). Lbox is the comoving box size of the simulation; Npart refers to the number of DM particles (and
initial number of gas particles); MDM and Mgas refer to the masses of DM and gas particles in the simulation respectively;  refers to
the Plummer equivalent maximum gravitational smoothing length, fth, min & fth, max are the minimum and maximum supernovae energy
transfer fractions (per unit stellar mass); ∆TSN & ∆TAGN are the heating temperatures adopted for stellar and AGN feedback; “RC”
indicates the inclusion of radiative cooling; and Nfield halo (z = 0) describes the number of field haloes in each run at the final snapshot.
Note that the last simulation, L32-NONRAD, is not an EAGLE run, rather a locally run GADGET-based 32 Mpc adiabatic physics
box.
Photo-heating and radiative cooling are applied based
on the work of Wiersma et al. (2009). This includes the ef-
fect of 11 elements in H, He, C, N, O, Ne, Mg, Si, S, Ca,
and Fe (Schaye et al. 2015). The effect of radiation from the
UV and X-ray background described by Haardt & Madau
(2001) is implemented on each element individually. Since
the EAGLE simulations do not provide the resolution to
model cold, interstellar gas, a density-dependent tempera-
ture floor (normalised to T = 8, 000 K at nH = 10−1cm−3) is
imposed. To model star formation, a metallicity-dependent
density threshold is set, above which, star formation is lo-
cally permitted (Schaye et al. 2015). Gas particles are con-
verted to star particles stochastically, with the star forma-
tion rate based on a tuned pressure law (Schaye & Dalla
Vecchia 2008), calibrated to the work of Kennicutt (1998)
at z = 0. The energy feedback from star formation is treated
with a thermal energy injection of 1051 erg per type Ia su-
pernovae (SNIa) event, the amount of which is a function of
the IMF adopted (Chabrier 2003). This is implemented in
the form of a temperature boost to the surrounding parti-
cles of ∆TSF = 107.5K, based on the work of Dalla Vecchia
& Schaye (2012). The number of stars heated is calculated
using Equation 3, taken from Equation 8 in Schaye et al.
(2015):
〈Nheat〉 ≈ 1.3 fth
(
∆T
107.5 K
)−1
, (3)
where fth is the fraction of the total amount of energy from
core collapse supernovae per unit stellar mass that is injected
on average. fth varies between set minimum and maximum
values (see Tables 1 and 2), the value in this range calculated
based on local ISM properties.
SMBHs are seeded in EAGLE when a DM halo exceeds
a virial mass of 1010 h−1M, with the seed SMBHs having an
initial mass of 105 h−1M. Subsequently, SMBHs can grow
via Eddington-limited-accretion (Schaye et al. 2015), as well
as mergers with other SMBHs, according to work by Springel
et al. (2005). Similar to stellar feedback, AGN feedback in
EAGLE also involves the injection of thermal energy into
particles surrounding the SMBH in the form of temperature
boost of ∆TBH = 108.5K (in the reference physics run; Schaye
et al. 2015). The rate of energy injection (which directly sets
the number of heated particles) from AGN is determined us-
ing the SMBH accretion rate, and a fixed energy conversion
efficiency, as in Equation 4:
∆E
∆t
= fr Ûmaccrc2, (4)
where Ûmaccr is a modified Bondi-Hoyle accretion rate (see
Equations 9,10 in Schaye et al. 2015), and fr = 0.015.
There are several free parameters in a number of the
EAGLE sub-grid modules, and these are calibrated (sepa-
rately for the standard resolution runs and the L25N752-
RECAL run) to match z ≈ 0 observations of (i) the galaxy
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stellar mass function, (ii) the galaxy size-mass relation, and
(iii) the galaxy BH mass - stellar mass relation. We make
use of 10 standard resolution EAGLE runs, all with varying
feedback physics (see Table 1) but identical starting mass
resolution, and a number of supplementary runs with vary-
ing mass and temporal resolution (see Table 2). For the re-
mainder of the paper, we refer to each run by their identifier
in the “run-name” columns for brevity. We include the mass
distributions of field haloes in 4 of the standard and supple-
mentary runs in Appendix A - specifically those of L50-REF,
L25-REF, L32-NONRAD, and L25N752-RECAL. Mass dis-
tributions for all standard resolution L50 (L25) runs are
comparable to the L50 (L25)-REF distribution. We check
the convergence of our results with the higher resolution
EAGLE variants, with 7523 particles in a 25Mpc box in
Appendix B. We also use a non-radiative GADGET-based
32 Mpc box (with 5123 particles) to check temporal con-
vergence (Appendix C), and for enhanced number statistics
compared to the EAGLE L25-NONRAD box in §4.
2.2 Structure finding & halo trees with
VELOCIraptor and TreeFrog
We identify haloes and subhaloes in the EAGLE runs using
VELOCIraptor (Elahi et al. 2011, 2019a), a 6D friends
of friends (6D-FOF) structure finding algorithm (that is
to say, we do not make use of halo and subhalo informa-
tion provided in the EAGLE public catalogues, outlined in
McAlpine et al. 2016). VELOCIraptor first uses a 3D-
FOF algorithm (Davis et al. 1985) to identify field haloes.
Two particles i and j are “linked” together if they satisfy the
condition:
(xi − xj )2
l2x
< 1 (where lx = 0.2 × inter − particle spacing). (5)
3D-FOF algorithms can spuriously link dynamically distinct
objects together through tenuous particle bridges. Thus, for
each 3D-FOF object, VELOCIraptor subsequently applies
a 6D-FOF algorithm (including spatial and velocity informa-
tion) in order to separate virialised structures (Elahi et al.
2019a). The velocity dispersion is calculated for each 3D-
FOF object k, σv, k , and particles within the 6D-FOF are
linked together if:
(xi − xj )2
l2x
+
(vi − vj )2
l2v
< 1 (where lv = αvσv, k and αv ≈ 1.25).
(6)
An unprocessed 3D-FOF halo will typically contain numer-
ous density peaks, some of which may reside outside the
virial radius centred on the inner-most minimum potential.
Once the 6D-FOF algorithm has been run over a 3D-FOF
object, each of the nested density peaks will be identified as
“sub-haloes” of the parent halo (with the notable exception
of the central 6D-FOF object, which remains identified as
the parent halo). For our work, we make use of the fact that
VELOCIraptor can return the IDs of particles which con-
stitute a 6D-FOF object. To link haloes through time, we use
the halo merger tree code TreeFrog (Elahi et al. 2019b),
developed to work on the outputs of VELOCIraptor. This
code compares the particles in haloes across multiple snap-
shots by calculating a “merit” based on the fraction of par-
ticles that are shared by two (sub)haloes i and j at different
times. In circumstances where several matches are identified
for one (sub)halo with similar merits (e.g. mergers of sev-
eral similar mass haloes), TreeFrog ranks particles based
on their binding energy. This combined information is then
used to estimate a merit function, which makes use of the
total number of particles shared, and their binding energy
information (see Eq. 3 in Elahi et al. 2019b).
2.3 Accretion calculations with chumm
In order to calculate accretion rates onto haloes in our sim-
ulations, we developed and used the code package chumm
(Code for Halo AccUMulation of Mass, available at https:
//github.com/RJWright25/CHUMM). We focus primarily on
the build-up of matter on halo-scales. Methodologies to cal-
culate inflow rates to structure in cosmological simulations
can be categorised as either (i) Eulerian, or (ii) Lagrangian
in nature. The Eulerian method involves an instantaneous
calculation of inflowing mass flux at a defined boundary,
while the Lagrangian approach involves a calculation of in-
flowing mass flux, over a discrete time interval. Our method
for calculating accretion flux is Lagrangian in nature, with
a number of (optional) additional conditions imposed on in-
flow particles. As discussed by Mitchell et al. (2020b) in the
context of outflows, the Lagrangian method yields more ac-
curate measurement of time-integrated flux, and is less sensi-
tive to the stochasticity of instantaneous particle behaviour
at the boundary of haloes. With Lagrangian approaches, it is
important to consider the time interval used - van de Voort
et al. (2011) use intervals of up to ≈ 1.5 Gyr, while van de
Voort et al. (2017) and Correa et al. (2018) use a varying
∆t, corresponding to adjacent EAGLE snapshots. We also
elect to calculate accretion over the interval between adja-
cent EAGLE snapshots (29 snapshots from z = 20 to z = 0),
corresponding to a ∆t ranging between ≈ 250 Myr at min-
imum (at z ≈ 4), and ≈ 0.9 Gyr at maximum (at z ≈ 0).
The varying timesteps in EAGLE that we use to calculate
accretion rates correspond to 0.5− 1.0 times a halo dynami-
cal time across the full redshift range that we analyse, and
thus, for the purposes of our work, we don’t believe there is
a need for higher cadence intervals. To investigate the sen-
sitivity of our accretion calculations to the time interval, we
used a higher cadence (200 snapshot) non-radiative simu-
lation and looked at temporal convergence in Appendix C.
We find that while the normalisation of accretion rates can
change slightly with the interval, our results are not sensitive
to the choice. Additionally, we refer the reader to the work
of Mitchell et al. (2020a), who analyse inflow with higher
cadence full-physics EAGLE runs and find similar temporal
convergence properties to our L32-NONRAD run.
To identify haloes, chumm either uses the outputs from
VELOCIraptor and selects particle members of 6D-FOF
objects, or chumm can use a spherical overdensity (SO) cri-
terion, where particles within a spherical region defined by
Rvir are selected as constituting a halo. By default, VE-
LOCIraptor returns particle lists for field haloes, with sub-
structure particles removed or “deblended”. For field haloes
with substructure, we define the full FOF (with substruc-
ture) by re-introducing substructure particles to the host.
For the SO criterion, we use the VELOCIraptor halo cat-
alogue to iterate through each halo, i, determine its cen-
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tral position xi and virial radius, r200, i , and then search for
the particles j (with position xj) that satisfy the condition( |xi−x j |
r200, i
)
< f , where chumm can take a list of user defined
f values. Particles satisfying this condition then constitute
the SO definition of the halo i. We compare results using
different halo definitions (i.e. 6D-FOF particles or spherical
overdensity regions with boundaries at fractions of R200) in
Appendix D, and find results to change slightly (but not
qualitatively) between methods. We elect to proceed with
the FOF-based boundary for accretion, as we believe this
more consistently reflects the nature of accretion over differ-
ent halo mass scales.
The algorithm chumm uses to calculate accretion rates
is summarised in Figure 1. Recall each simulation has a fi-
nite number of snapshots N (hereafter snaps) that encode
the physical state of the system at times t0 < t < tN , and
we equate snap n with the state of the system at lookback
time t = tn. To calculate accretion rates onto haloes at snap
n, we identify accretion candidates as the particles that ex-
ist in the halo at snap n as per the definition above, but
did not exist in the halo at snap n − d (d being the snap
“depth” of the calculation, i.e. the difference in snap index,
chosen as 1 unless otherwise stated). The summed mass of
these candidate particles, normalised by ∆t = tn−d−tn (where
tn represents the lookback time at snap n), constitutes the
raw gross total accretion rate of the halo at snap n. Accre-
tion rates are split by particle type, with the particle type
categorised at the initial snap n − d, before undergoing any
processing in the halo (such that gas particles at snap n − d
which were transformed to star particles by snap n would be
considered gas inflow, not stellar inflow). We experimented
with imposing a number of radial velocity cuts on accretion
candidates at the initial snap n − d (to ensure particles are
travelling towards the halo’s center-of-mass at a sufficient
rate): vrad, in, n−d > f ×vmax, halo. We found that for a range of
reasonable f fractions of the maximum halo circular velocity
vmax, halo, our inflow results were not significantly impacted.
We also experimented with requiring accretion candidates
to remain in the halo they were considered accreted to at
the subsequent snapshot (i.e. to remain in the halo for an
additional tn − tn+1 to be considered as “stable” accretion),
and again saw only a slight change in the normalisation of
accretion rates, rather than any qualitative alterations to
trends. When testing this requirement, the effect was quan-
titatively the largest (≈ 0.1 dex) on the non-radiative boxes,
where stochastic flux of particles at the halo boundary (both
inwards and outwards) are more common-place in the ab-
sence of radiative cooling. Even in the non-radiative runs,
however, we saw no qualitative change in the results. As
such, we elected not impose the velocity or stability criteria
for our results (unless otherwise stated), in order to make
our results minimally complex to interpret. Finally, for the
FOF-based calculation, we are able to categorise the nature
of the inflow particles (their accretion “channel”) based on
(i) their host at snap n− d, and (ii) their processing history.
The particle’s host at snap n− d determines the origin of ac-
cretion as either from the field, or from another VELOCI-
raptor structure (the particles of each origin we refer to
as “cosmological”/“smooth” or “merger”/“clumpy” accretion
particles respectively).
For the “cosmological”/“smooth” accretion case, a par-
ticle is considered “processed” if it has existed in any halo
(as defined by VELOCIraptor) up to and including snap
n − d (the initial snap), and “unprocessed”/“first infall” oth-
erwise. Commonly the term “pristine” is used to describe
the accretion channel of metal-poor, un-enriched particles,
however we elect to use the term “first infall” for our “un-
processed” channel to recognise that these particles are only
“unprocessed” insofar as VELOCIraptor’s ability to iden-
tify bound structures, ultimately limited by the finite mass
resolution of the simulation. We show the relevant peak in
the halo mass functions from each run from VELOCIrap-
tor in Appendix A, corresponding to Mhalo ≈ 108.5M at
z ≈ 0 in the standard resolution EAGLE variants. We can
further decompose the “processed” channel of cosmological
accretion into a “recycled” and “transfer” component - for
particles which were previously processed in a progenitor
(main, non-main, or a satellite) halo (“recycled” accretion)
and those that were previously processed in an unrelated
halo (“transferred” accretion) respectively. In a future pa-
per, we explore the physical properties of accreting particles
as a function of inflow channels, and find that processed par-
ticles (according to our definition) are clearly metal-enriched
relative to the first-infall particles, giving us confidence that
our methodology is physically-motivated.
While our definitions of accretion channels are similar
to those in (Mitchell et al. 2020a), we remark that the def-
inition of “transfer” in previous literature can be different,
for example in Angle´s-Alca´zar et al. (2017). In their work,
“transfer” is considered as all accretion of particles that have
been processed in halos other than the main progenitor of
halo i by snapshot n. This therefore includes the accretion of
particles that were processed in (secondary) progenitor ha-
los that merge into i. We think it makes more physical sense
to group all halos that end up merging by snapshot n and
consider particles processed in those as part of “recycling”
rather than “transfer”. This distinction is quite significant,
as the fraction of mass that is processed in non-main pro-
genitors is of the same order of that contributed by the main
progenitor.
3 BARYON AND DARK MATTER BUILD-UP
IN HALOES WITH FIDUCIAL PHYSICS
In this section we focus on analysing the accretion rate of
baryons and DM onto haloes in the EAGLE simulation
suite, in particular the fiducial physics implementation in
L50-REF. We approach this topic with the aim of under-
standing the differential manner in which baryons and DM
are accreted onto haloes, and their main channels of accre-
tion. In §4, we explore the same problem, focusing instead
on changes which can arise based on the feedback models
implemented in the simulation. We remark that in this pa-
per, we do not focus on the physical properties of accreted
matter (for instance their temperature, density and metal-
licity), and defer a full investigation of these properties in
the context of halo inflow for a future paper.
3.1 Comparing our algorithm and past literature
The results to follow, unless otherwise stated, focus on field
haloes in the standard resolution EAGLE runs, as outlined
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Figure 1. A schematic of our algorithm chumm to calculate accretion rates to haloes. We identify accretion candidates by finding
particles which were not in a halo at a snap n − d, but joined the halo at snap n. We are able to impose a number of extra criteria on
these particles before decomposing the total accretion rate into “channels” of accretion based on the processing history of each particle.
The code is publicly available at https://github.com/RJWright25/CHUMM.
Figure 2. Smooth baryon inflow efficiencies from our algorithm (FOF, solid black lines; and R200, densely dotted black lines) for field
haloes at z ≈ 0 (left) and z ≈ 2 (right), compared to inflow rates from van de Voort et al. (2011), Correa et al. (2018), and those predicted
based on DM inflow rates from Dekel et al. (2009) (right-slanting hatched regions) and Correa et al. (2015a,b,c) (left slanting hatched
regions). We note that each panel has slightly altered axes limits. Grey shaded regions correspond to the 16th − 84th percentile ranges
associated with our L50-REF FOF accretion rate calculation. Line transparency has been increased where the average efficiency has been
calculated from a bin in which more than 50% of haloes were subject to an accretion flux of less than 50 gas particles. We use 24 evenly
log-spaced bins of halo mass from 109M - 1015M, and take the median accretion rate in each of these bins, requiring at least 5 objects
to take this average. Our smooth inflow rate refers exclusively to particles not accreted from a different FOF structure. Results from van
de Voort et al. (2011) include only smooth accretion, however data from Correa et al. (2018) include the merger channel of accretion. The
predictions from Dekel et al. (2009) and Correa et al. (2015a,b,c) (both shown hatched regions, indicating predictions within the given
redshift range) are analytic prescriptions of halo mass growth scaled by fb - and as such, also includes merger-based/clumpy accretion.
In general, our measurements are qualitatively consistent with previous works, and quantitatively within 0.5 dex for well resolved halo
mass bins.
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in Table 1. For an investigation of numerical convergence
with higher resolution, we direct the reader to Appendix B.
Our primary method of measuring accretion rates uses the
FOF inflow algorithm (including accretion onto satellite sub-
haloes), however we direct the reader to Appendix D for an
overview of how using a spherical-overdensity inflow calcu-
lation (or, only including accretion onto the central subhalo
with the FOF algorithm) would influence our results. Addi-
tionally, we attempt to minimise the cuts we impose to our
accretion calculations in order to make the results easier to
interpret. As such, we stress that in the work to follow, we do
not impose any velocity cuts on our results, nor do we impose
the stability requirement. We also remark that when we refer
to the halo mass of field haloes (associated with FOF inflow),
we use the total mass of all particles identified as part of the
FOF, not just those within R200, crit (with the exception of
halo mass in the context of our spherical-overdensity accre-
tion algorithm, for which we use M200, crit). For FOF masses
below 1013M, M200, crit corresponds very tightly with MFOF,
but for FOF masses of > 1013M, M200, crit is systematically
lower than MFOF by up to 50%. The method of binning and
averaging has significant bearing on the numerical results
we present: we indicate the bins we use in the caption of
each figure, and only take averages in bins where there are
≥ 5 objects. For information on the number statistics we use
over halo mass, we show the halo mass distributions for rel-
evant runs in Appendix A. Lastly, where possible, we show
transparent lines where accretion rates have been calculated
from a flux of less than 50 particles.
We first compare our results using the fiducial physics
L50-REF box to the previous work of van de Voort et al.
(2011), Correa et al. (2018) and the DM-based predictions
from Dekel et al. (2009) and Correa et al. (2015a,b,c) in Fig-
ure 2. As discussed in §1.2, the techniques adopted in the
past to measure inflow in simulations (and the simulations
themselves) are diverse, and it is important to understand
the influence of the methodology on inflow measurements.
Figure 2 shows gas accretion efficiency (gas accretion rate
normalised by halo mass and cosmological fb) as a function
of halo mass, for redshifts z ≈ 0 and z ≈ 2. Our results us-
ing the FOF-based algorithm (solid black lines) include only
the smooth component accretion (accretion from particles
not identified as part of a VELOCIraptor FOF structure
at the previous snapshot), while our results using the R200-
based algorithm (dotted lines) include particles of all origins.
The redshift we quote for our calculations is the mean red-
shift of the two snaps used to calculate accretion over, and
where possible, we quote the redshift of previous works in
the same way. As outlined in §1.2, previously used methods
of calculating inflow rates in simulations are diverse - van de
Voort et al. (2011) use a FOF halo-based method of identify-
ing inflow particles in the OWLS simulations, while Correa
et al. (2018) calculate require mass flux from particles which
start outside the FOF and end up inside the virial radius,
R200, crit, in the EAGLE simulations. The results from Cor-
rea et al. (2018) include particles of all origins, while the
results from van de Voort et al. (2011) include only smooth
inflow. We also illustrate the analytic mass-growth predic-
tions from Dekel et al. 2009 and Correa et al. (2015a,b,c)
in Figure 2 with dashed lines, corresponding to the total
expected halo mass growth scaled by a factor of fb ≈ 0.16.
Our results using both the FOF and R200 algorithms
appear qualitatively consistent with the works of van de
Voort et al. (2011) and Correa et al. (2018), with a trend
of increasing accretion efficiency with halo mass and red-
shift. In agreement with these data, compared to the DM-
based predictions from Dekel et al. (2009) and Correa et al.
(2015a,b,c), we observe significant reduction in gas accre-
tion rates to less massive haloes, below Mhalo ≈ 1011.5M.
We see that the FOF algorithm predicts higher accretion
rates than the R200 method by a steady ≈ 0.15 dex, for
Mhalo & 1011.5M. We attribute the higher accretion rates
in our FOF algorithm compared to the spherical-overdensity
method to be principally due to the inclusion of accretion
onto satellites subhaloes associated with each of the field
haloes. We investigate the difference between accretion onto
the central subhalo (excluding satellites) and our primary
FOF algorithm (including satellites) in Appendix D, and
see that accretion rates to the central subhalo are reduced
compared to the primary method by ≈ 0.1 dex across much
of the halo mass range. For the remainder of the paper, we
elect to continue to include the accretion onto satellites as
our primary method, since we are interested with accretion
onto the entire FOF group.
Quantitatively, we see that our FOF method appears
to predict slightly higher accretion rates at z ≈ 0 and z ≈ 2
by 0.1 − 0.2 dex compared to van de Voort et al. (2011)
and Correa et al. (2018) (even when the latter results in-
clude merger-based accretion). We attribute the difference
in our results compared to Correa et al. (2018) to the above
discussion of including satellite accretion - and if we only ac-
count for accretion onto the central subhaloes, the (already
slight) tension with Correa et al. (2018) is greatly reduced.
Unsurprisingly, when we use an R200 spherical overdensity
method (densely dotted lines), we see very good agreement
with Correa et al. (2018). Since van de Voort et al. (2011)
also use a FOF algorithm, the inclusion of satellite accretion
does not explain our increased gas accretion rates compared
with their results. van de Voort et al. (2011) do, however,
show that using a higher resolution simulation (closer to our
primary EAGLE L50-REF box, with a 50 Mpc box with
2×5123 particles, instead of their primary 100 Mpc box with
2× 5123 particles), that gas accretion rates are enhanced by
≈ 0.1 dex - meaning much of the tension could be attributed
to the resolution difference. We also show in Appendix B
that using a higher resolution simulation appears to slightly
increase our gas accretion rates for low mass haloes with
Mhalo . 1011.5M. Any further differences are potentially
attributable to (i) VELOCIraptor vs. subfind halo cata-
logues, and (ii) for the z ≈ 0 panel, the slight differences in
measurement redshifts. We also note that we have compared
measurements with the work of Mitchell et al. (2020a), and
find consistent results over redshift and halo mass.
The comparison presented here gives us confidence that
our algorithm is giving results that are largely consistent
with previous literature, and can therefore be used for an in-
depth analysis comparing the rates and channels of baryon
and DM accretion onto haloes.
3.2 Comparing baryon and dark matter accretion
In this section, we directly compare halo-scale baryonic and
DM inflow rates in the EAGLE L50-REF run, showing the
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Figure 3. Top panel: the baryon fraction of all halo-accreted
matter (inflow baryon fraction, or fb, inflow) as a function of halo
mass and redshift. Bottom panel: the 16th−84th percentile range of
inflow baryon fraction in dex, as a function of halo mass and red-
shift. We use 24 evenly log-spaced bins of halo mass from 109M -
1015M, and take the median accretion rate in each of these bins,
requiring at least 5 objects to take this average. Line transparency
has been increased where the average efficiency has been calcu-
lated from a bin in which more than 50% of haloes were subject
to an accretion flux of less than 50 gas particles. For each redshift
selected, we see a trend of increasing fb, inflow with halo mass up to
Mhalo ≈ 1012M, above which the median fraction plateaus slightly
shy of the simulation cosmological baryon fraction. Inflow baryon
fractions also universally increase with redshift, the dependence
most notable for lower mass haloes, Mhalo . 1011.5M. The spread
in fb, inflow is largest in the same halo mass range, particularly at
low redshift.
influence that the baryon richness of accreting matter can
have on resultant halo properties and inflow channels.
3.2.1 Influence on halo properties
Above, we discussed the behaviour of gas accretion alone
with halo mass and redshift. To directly compare the build-
up of baryons and DM in haloes, we investigate the baryon
fraction of matter accreted to field haloes in the EAGLE
L50-REF run as a function of halo mass and redshift in
Figure 3. We calculate the baryon content of accreted matter
( fb, inflow) for each halo by calculating the summed mass of
accreted baryons, ∆Mbar, in, and normalising by the summed
mass of all accreted material (DM and baryons),
fb, inflow =
∆Mbar, in
∆Mbar, in + ∆MDM, in
. (7)
In the top panel of Figure 3, we show fb, inflow against
halo mass, using total inflow onto field haloes (includ-
ing both smooth-mode inflow and merger-mode inflow).
The baryon inflow rates which may be trivially expected
based on DM inflow rates would correspond to fb, inflow =
fb, cosmological (grey dashed line). We find that for low mass
haloes (Mhalo . 1012M), the composition of inflow material
is baryon poor compared to the universal fb - a finding con-
sistent with the low gas accretion efficiencies in this mass
range first presented in van de Voort et al. (2011) (with
OWLS) and Correa et al. (2018) (with reference EAGLE
physics). At z ≈ 0, the median baryon fraction of inflow
at Mhalo ≈ 1011M is only ≈ 2%, roughly 10 times lower
than the universal baryon fraction fb ≈ 0.16, and the halo
baryon fractions predicted in Crain et al. (2007). The baryon
content of accreted matter increases with halo mass to fb
only for the most massive group sized haloes in the sim-
ulation, at Mhalo & 1013M. In addition, the baryon con-
tent of accreted matter increases with redshift for low mass
haloes, Mhalo . 1011.5M, being roughly 1 dex higher at
Mhalo ≈ 1010.5M at z ≈ 2 compared to z ≈ 0. Conversely,
for higher mass haloes, Mhalo & 1011.5M, there is little red-
shift dependence. In the bottom panel of Figure 3, we show
the spread (in dex) of the 16th − 84th percentiles in fb, inflow.
The spread in fb, inflow is largest for low halo masses - at
z ≈ 0, for Mhalo ≈ 1011M, we see a spread of 1 dex, while for
Mhalo ≈ 1013M we see a spread of 0.2 dex. This spread also
decreases (for all halo masses) with increasing redshift. We
find that the result of suppressed gas inflow (and larger vari-
ation in gas inflow) at low halo masses remains clear when
we use the higher resolution EAGLE L25N752-RECAL run
(see Appendix B), indicating that this result is not a conse-
quence of numerical effects.
This result clearly begs the question: what physics in
the simulation drives the depletion of halo baryon inflow,
particularly for low mass haloes, Mhalo . 1011.5M? We in-
vestigate the origin of this effect (in the context of feedback)
in §4, where we use various EAGLE runs to investigate the
effect on accretion rates in the presence and absence of these
different feedback mechanisms. We find that in modern sim-
ulations, stellar and AGN feedback mechanisms are strong
enough to influence gas dynamics at the halo-scale and mod-
ulate inflow rates.
To illustrate the impact that variations in baryon inflow
has on the resulting halo population, in Figure 4 we show
the baryon fraction of haloes (as defined in Equation 8) as
a function of their baryon inflow content, fb, inflow, at both
z ≈ 0 and z ≈ 2. We restrict the mass range to 1010.0M <
Mhalo < 1012.5M, where we see the greatest dynamic range
in inflow baryon fractions as per Figure 3, still with adequate
resolution.
fb, halo =
[Mgas + M? + MBH] FOF
Mtot, FOF
. (8)
At both redshifts, we observe a tight correlation between
fb, inflow and fb, halo, with a roughly constant spread of
≈ 0.3−0.4 dex (a factor of 2−3) across the range of fb, inflow.
The correlation is not linear, and appears to scale more
closely with an exponent of 0.5, i.e. fb, halo ∝ f 0.5b, inflow for
both redshifts. While the slope is similar for both redshifts,
we see that at z ≈ 2, the dynamic range in fb, inflow is nar-
rower (as per Figure 3), and that fb, halo is systematically
higher. If we use a different mass cut and focus on higher
mass haloes, Mhalo & 1012M, the correlation remains (with
a similar slope) - but over a much smaller dynamic range,
from just below to the cosmological fb for both fb, inflow
and fb, halo. This tight correlation indicates that the baryon-
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Figure 4. The median halo-baryon fraction (including gas, stel-
lar, and black hole particles in the FOF - see Equation 8) as a
function of halo-inflow baryon fraction (see Equation 7), for field
haloes in the mass range 1010.5M < Mhalo < 1012.0M at z ≈ 2
and z ≈ 0. Line transparency has been increased where the aver-
age efficiency has been calculated from a bin in which more than
50% of haloes were subject to an accretion flux of less than 50
particles. Shaded regions correspond to the 16th − 84th percentile
ranges. At both redshifts we observe a tight correlation between
the accretion baryon fraction and the halo baryon fraction with
. 0.5 dex spread, the correlation becoming slightly steeper at
z ≈ 0. The segments at the right of the panel show for reference
a linear dependence and a power law of exponent 0.5. At both
redshifts, the slope is shallower than linear, and closer to a power
law with an exponent of 0.5.
richness of a halo is clearly associated with baryon inflow
onto that halo - and that if we see variation in baryon in-
flow at the halo-scale, we would also expect to see this re-
flected in the baryon content and consequent properties of
that halo. The correlation of Figure 4 suggests that haloes
can be baryon depleted because the material that gets ac-
creted is baryon poor rather, and not necessarily as a result
of baryon processes internal to haloes and galaxies acting to
remove the gas. The latter may still occur, but the picture
is clearly multi-faceted, with the baryon content of inflow
also possibly playing a major role in regulating the baryon
content of haloes. Below, we further analyse the connection
between the baryon content of haloes with the baryon con-
tent of the inflowing matter.
To investigate the distribution of baryons in field haloes
and the consequence of the established variations in baryon
inflow, in Figure 5 we show the median mass fractions of
baryon particles in different intra-halo reservoirs (each row),
as a function of their halo mass at z ≈ 0 (left) and z ≈ 2
(right). The parameter space in each panel is coloured by
the median excess (calculated per halo mass bin) fb, inflow in
that parameter range - that is, how baryon rich the inflow
is, compared to the median baryon fraction of the inflow
at a given halo mass. As a function of halo mass, for each
row of panels from top to bottom in Figure 5, we show the
mass fractions in: (i) all baryons, (ii) CGM gas (that is,
all halo gas excluding star forming gas within the central
30 kpc of the halo), (ii) star-forming ISM gas (star-forming
gas within the central 30 kpc of the halo center-of-mass),
and (iv) stellar mass (within the central 30 kpc of the halo
center-of-mass). Each of these mass fractions are normalised
by the total mass of the halo, MFOF.
Focusing on the top row of panels in Figure 5, we display
the results seen in Figure 4 as a function of halo mass. We
observe that the spread in total halo baryon fraction at fixed
halo mass (up to Mhalo ≈ 1012M) is very well-correlated
with the baryon fraction of accreted matter both at z ≈ 0
and z ≈ 2. Specifically, on average, baryon-depleted haloes
appear to be host to baryon-depleted inflow, and baryon-rich
haloes appear to be host to baryon-rich inflow. At higher
halo masses, Mhalo & 1012M, there is far less spread in
halo baryon fractions, and most haloes are relatively baryon
rich (approaching the cosmological fb in the grey dashed
line). The remaining bottom 3 rows of panels in Figure 5
show where the baryonic matter is distributed in haloes,
and also whether instantaneous baryon inflow has impact
on the magnitude of these various reservoirs. If we observe
a gradient in colour along the spread in mass fraction for a
fixed halo mass, it indicates that baryon inflow plays a role
in regulating this reservoir over the timescale when accretion
was measured.
Panels in the second row of in Figure 5 show the
gas fraction in the CGM as a function of halo mass. The
CGM gas fraction increases with halo mass, and is the pri-
mary baryonic constituent of haloes for those with masses
above Mhalo ≈ 1011M. We see that for the majority of
the halo mass range (below Mhalo ≈ 1012.5M), the spread
in CGM mass fraction at fixed mass is strongly correlated
with fb, inflow). This is an unsurprising result: one would ex-
pect the majority of accreting baryons reside in the CGM
at the snapshot subsequent to the accretion measurement.
At a halo mass of Mhalo ≈ 1012M, we see approximately
0.5 dex of spread in between the 16th and 84th percentiles.
The spread in fb, inflow associated with these percentiles is
also approximately 0.5 dex at z ≈ 0 - telling us that vari-
ations in the baryon fraction of the inflowing matter could
play a dominant role in driving CGM gas content in reason-
ably massive haloes. The work of Davies et al. (2019) and
Oppenheimer et al. (2020) indicate that variations in black
hole mass and activity in EAGLE are associated with vari-
ations in CGM gas fractions for Milky-Way like haloes (in
the mass range 1012M . Mhalo . 1012.5M). In this mass
bracket, we show that baryon inflow rates vary strongly over
the range of fCGM values, which show a 16th−84th fCGM per-
centile spread of ≈ 0.5 dex. Our work suggests a compar-
itively trivial picture for CGM gas content: in that CGM
gas richness is, to first order, a function of baryon accretion
rates. These baryon accretion rates are themselves depen-
dent on the specific state of each halo (in particular with
respect to baryonic feedback processes, see §4).
In the third row & fourth row of panels in Figure 5, we
show the mass fraction of each halo held in star-forming gas
and stellar mass respectively, within the central 30 kpc of
a halo. This, to first order, corresponds to the cool/dense
phase of the ISM, and the stellar component of the central
galaxy, respectively. Over the well-resolved halo mass range,
we observe that the spread in the mass fraction contributed
by these mass reservoirs is not correlated with fb, inflow. This
combination of findings tells us that while the baryon con-
tent of inflow has significant bearing on the instantaneous
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Figure 5. The median fractions of mass contained in various baryon reservoirs, as a function of halo mass for field haloes (left panels:
z ≈ 0, right panels: z ≈ 2). Dashed lines correspond to 16th − 84th percentiles, and the grey shaded regions represents the mass range
corresponding to haloes with, on average, less than 100 star particles. We use 24 evenly log-spaced bins of halo mass from 109M -
1015M, and take the median accretion rate in each of these bins, requiring at least 5 objects to take this average. All panels are coloured
by the median excess fb, inflow in each halo mass bin. Top panels: the median total baryon fraction of field haloes as a function of halo
mass. Second row: The median mass fraction in halo CGM gas (which we define as gas that is not star-forming in the central 30 kpc of
a halo). Third row: the median mass fraction in halo ISM gas (star-forming gas within the central 30 kpc of a halo). Bottom panels: the
median mass fraction in stars within the central 30 kpc of a halo. We observe that for a fixed halo mass, the spread in total halo baryon
fractions is well correlated with the baryon fraction of halo-accreted matter, with baryon depleted (rich) haloes typically being subject to
baryon depleted (rich) inflow. We can see this correlation is strongest for the gas outside 30 kpc and for non-star-forming (either warm
or insufficiently dense) gas in the central 30 kpc. However, the central star-forming gas and stellar component of the halo do not see
significant enhancement as a result of instantaneous baryon inflow.
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gas content of the CGM and potentially the warmer phase
of central galaxy, over the timescale that we measure accre-
tion (≈ 1 Gyr at z = 0), the central galaxy’s dense ISM and
stellar mass content are not immediately influenced by how
baryon rich the inflow is.
3.2.2 Channels of baryonic and DM inflow
In Figure 6, we compare the inflow channels of baryonic mat-
ter (top) to DM (bottom) in across halo mass for redshifts
z ≈ 0 and z ≈ 2. We split inflow into 4 categories, namely: (i)
first infall accretion: that is, inflow particles which had never
previously been part of a VELOCIraptor halo structure
(blue); (ii) recycled accretion: particles which have been pro-
cessed in some progenitor halo in the past, but were most
recently accreted via smooth-mode cosmological accretion
(green); (iii) transfer accretion: particles which have been
processed in some non-progenitor halo in the past, but were
most recently accreted via smooth-mode cosmological accre-
tion (yellow); or (iv) merger/clumpy accretion, which at the
previous snap were part of another halo (red). The sum of
channels (i), (ii) and (iii) corresponds to smooth or cosmo-
logical accretion - particles which were not in a structure
at the previous snapshot. We illustrate the component of
baryon accretion contributed by stellar particles with cross-
hatched regions.
Firstly, regarding the nature of stellar accretion chan-
nels, we find that the majority of stellar accretion (in the
well-resolved halo mass range) occurs via mergers to high
mass haloes, Mhalo & 1012M, though the contribution to
lower mass haloes becomes more significant at late times.
We remind the reader that we classify infall particles by
their type at the snap prior to accretion - but find, on aver-
age, that only a very small proportion (. 0.1%) of accreting
gas is transformed to star particles at the subsequent snap-
shot in the halo mass range we analyse. We see significant
stellar recycling at the low halo mass end (Mhalo . 1011M),
but given that this corresponds to the regime where haloes
contain . 100 stellar particles, we cannot say with certainty
that this is not a resolution driven feature.
In general, the breakdown of accretion into its merger
and smooth/cosmological (first infall, recycled and trans-
fer) channels is somewhat similar for baryons compared to
DM, the notable exception being higher mass haloes at late
times, where the merger-mode is significantly more domi-
nant for DM than baryons. At z ≈ 0, for haloes in the mass
range 1012.5M < Mhalo < 1013.5M, we observe baryon in-
flow onto haloes to be ≈ 7% merger-mode, compared to DM
inflow which accumulates ≈ 20% via merger mode. This tells
us that baryon accretion via mergers appears suppressed
at late times, comparing to the behaviour we would expect
based solely on DM. The physical interpretation of this re-
sult is that the infalling haloes contributing to the merger-
based mass growth are already gas poor. We have already
seen in Figure 5 that low-mass field haloes are, on average,
baryon poor - at z = 0 containing ≈ 1% baryons for haloes of
mass Mhalo ≈ 1011M, a factor of > 10 below the universal
baryon fraction. Thus, if these baryon-depleted haloes un-
dergo a merger, most of the mass contributed to the descen-
dant will be DM, rather than baryons. If the merger-mass
is contributed by infalling satellite subhaloes, such satellites
are known to be stripped of their gas in EAGLE via envi-
ronmental “pre-processing” prior to infall (see Bahe´ & Mc-
Carthy 2015; Bahe´ et al. 2019). Our findings agree well with
the work of van de Voort et al. (2011), who found that gas
accretion onto haloes is predominantly“smooth-mode”, with
merger-driven baryon growth significant only in groups and
clusters. The contribution from mergers on the DM accretion
rate is smaller than the value found in Genel et al. (2010) for
the Millennium and Millennium-II Simulations, which they
quantified at ≈ 40% independent of halo mass. This is a fac-
tor of ≈ 1.5 − 4 times higher than what we find in EAGLE.
This is not entirely surprising, as Genel et al. (2010) reached
the fraction above by extrapolating the merger rate to large
mass ratios, while here we only account for “resolved” halo
mergers. It is therefore likely that some fraction of smooth
DM accretion corresponds to “unresolved” halo mergers. We
believe that some of these “unresolved” halo mergers would
correspond to the “recycled” mode of accretion (e.g. if the
halo was resolved at some point in the simulation), and some
would correspond to “first infall” mode accretion if the halo
was never resolved.
We note that the similar breakdown between smooth
and merger components of baryon/DM accretion (aside from
high mass haloes) is somewhat misleading, and decompos-
ing smooth-mode inflow into its first infall (blue), recy-
cled (green) and transfer (yellow) components illustrates
the underlying disparity: we see that accreted DM is sig-
nificantly more likely to have been pre-processed in haloes
than baryons for all redshifts and halo mass bins. The pro-
portion of baryons provided by first infall accretion appears
to peak for both redshifts at Mhalo ≈ 1011M where first in-
fall particles contribute ≈ 60 − 65% of all baryon accretion,
the peak being slightly more prominent at z ≈ 0. The con-
tribution of first infall-mode to DM accretion rates is fairly
flat with halo mass, at ≈ 25% for z ≈ 0 and ≈ 40% for z ≈ 2
- both significantly reduced by a factor of ≈ 2 compared to
baryons. The reduced first infall component for DM is met
with a marked increase in the recycled inflow component,
showing that it is fairly common for DM to be accreted by
a halo, ejected from the FOF boundary, and subsequently
be re-accreted to a descendant halo. As discussed above,
while the classification of inflow into these channels is res-
olution dependant, we argue that the disparity seen com-
paring recycled-mode mass growth of baryons and DM is
significant. In a future paper, we show that baryon parti-
cles in these different channels are indeed characterised by
clearly different physical properties (particularly metallicity)
and hence, can confidently conclude that our classification
of accretion channels are physical, with resolution playing a
minor role. We refer the reader to the work of Mitchell et al.
2020a for an analysis of the breakdown of accretion chan-
nels as a function of resolution. Relating to our previously
measured gas accretion rates in Figures 2 and 3, the picture
emerging is that baryons are much less likely than DM to be
accreted at all redshifts (and thus, universally, less baryons
are classified as processed), particularly for haloes with mass
Mhalo . 1011.5M.
We see that the contribution of inter-halo transfer accre-
tion across halo mass is small (. 5%) for baryons and DM at
both redshifts in the well resolved mass range, in agreement
with Mitchell et al. (2020a). The transferred component does
appear to increase with halo mass for DM, but remains fairly
steady for baryons. The difference in the DM transfer com-
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Figure 6. Breakdown of the accretion channels of baryons (first row of panels) and DM (2nd row of panels) for z ≈ 0 (left panels),
and z ≈ 2 (right panels) in the L50-REF run. The results are presented in 8 equally log-spaced Mhalo bins from 109.5M to 1013.5M,
and we indicate the halo mass range in which each halo contains less than 100 stellar particles (where numerical issues could influence
results) with grey shading. In the bottom panels we also illustrate the median raw accretion rate for each particle type in the same halo
mass bins. Accretion channels are categorised as (i) first infall (completely unprocessed particles - blue), (ii) recycled (particles which
have channels processed in some progenitor halo in the past, but were most recently accreted via smooth-mode cosmological accretion
- green), (iii) transfer (particles which have been processed in some non-progenitor halo in the past, but were most recently accreted
via smooth-mode cosmological accretion - yellow) , or (iv) (particles which were, at the previous snap, part of another halo - red). We
also illustrate the contribution of stellar accretion onto total baryon accretion with black hatched regions in the top panels. The sum of
channels (i), (ii) and (iii) corresponds to “smooth-mode” accretion - that is, from particles not in a structure at the previous snapshot.
We show the component of accretion contributed by stellar particles with the cross-hatched regions. The difference between DM and
baryon accretion channels is most prevalent at late times, with mergers being roughly twice as dominant for DM inflow compared to
baryon inflow for all halo mass bins. The proportion of recycled cosmological accretion increases towards late times for both DM and
baryonic matter, and at all redshifts we see that DM is much more likely to have been pre-processed prior to accretion compared to
accreting baryons, which are more often found to be on first infall to a halo.
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ponent between low- and high-mass haloes is likely due to
the fact that low-mass haloes have a shallow potential well
that fails to attract DM particles that have left other haloes,
and in practice can only re-accrete part of what was origi-
nally expelled from the same halo. Consequently, a fraction
of the ejected particles from low mass haloes (. 1011M),
are likely contributing to the “inter-halo transfer” accretion
component of the more massive haloes, > 1011M, as a result
of their deeper potential well. It appears that more complex
baryonic physics reflects in the transfer component, where
we do not see the same obvious variation with halo mass. In
§4.2 we explore this further, and discuss the strong influence
that model physics has on baryonic accretion channels.
3.3 Baryon accretion onto satellite subhaloes
In this section, we briefly discuss accretion onto satellite sub-
haloes. Many semi-analytic models of galaxy formation (e.g.
Lagos et al. 2018b; Lacey et al. 2016; Henriques et al. 2015)
assume that satellite subhaloes are instantaneously cut off
from cosmological accretion as soon as they become satellite,
subsequently impacting the star formation activity in satel-
lite galaxies. This is an important assumption, and means
that many satellite galaxies are very quickly and efficiently
quenched in said models. With more realistic hydrodynami-
cal simulations such as EAGLE, it is possible to explore the
validity of this assumption.
In the top two panels of Figure 7, we show the me-
dian baryon accretion rate for satellite subhaloes as a func-
tion of their stellar mass. We note to the reader that the
accretion rates to subhaloes that we quote are simply the
summed mass of particles which entered a given subhalo
between snapshots (irrespective of the origin of each parti-
cle). In the top panel, the parameter space is coloured by
the binned median stellar-halo mass ratio (M?/Mhalo). At
fixed stellar mass, we see that on average, haloes with higher
baryon accretion rates (than expected for their stellar mass)
also have a higher stellar-halo mass ratio than their counter-
parts with lower baryon accretion rates. Wright et al. (2019)
showed that the quenching timescales of satellite galaxies
in EAGLE were strongly correlated with the ratio between
their stellar mass to their host halo mass. This tells us that
the physical effect driving the lengthening of the quench-
ing timescale in satellites is likely continuing gas accretion,
which is larger in satellites that are massive relative to their
host halo (leading to quenching timescales of & 5 Gyr in
the most massive satellites, see Wright et al. 2019). In the
second panel of Figure 7, the parameter space is coloured
by the binned median halo-centric distance of a satellite to
its host’s center-of-mass, normalised by the host’s virial ra-
dius: (|rcom, sat − rcom, host |)/R200, host. At fixed stellar mass,
we see that the satellites with the greatest baryon accretion
rates are, on average, further from their host than those sub-
haloes with relatively low baryon accretion rates. This tells
us that baryon accretion onto the haloes of satellites appears
to be suppressed when the satellites fall deep into the host’s
potential.
While we find there are conditions under which satellite
gas accretion can be suppressed, it is important to note that
we find satellite subhaloes can continue to accrete baryons,
and they are not completely cut-off from cosmological ac-
cretion (as many SAMs assume). It is obvious that this
Figure 7. Top panel: The median baryon accretion rate to satel-
lite subhaloes as a function of their galaxy’s stellar mass, coloured
by the binned median stellar-halo mass ratio:
M?, sat
Mhost
. Second
panel: The median baryon accretion rate for satellite subhaloes
as a function of their stellar mass, coloured by the binned median
halo-centric distance of a satellite to its host’s center-of-mass, nor-
malised by the hosts virial radius: ( |rcom, sat − rcom, host |)/R200, host.
Bottom panel: the number of satellite subhaloes included in each
mass bin. Line transparency has been increased where the aver-
age efficiency has been calculated from a bin in which more than
50% of haloes were subject to an accretion flux of less than 50 gas
particles. We use 20 bins in stellar mass between M? = 107M and
Mstar = 1012M. At fixed stellar mass, we see that the satellites
with the greatest baryon accretion rates are, on average, further
from their host than those subhaloes with relatively low baryon
accretion rates.
has fundamental implications for the galaxies inhabiting
these subhaloes, and their subsequent evolution. We defer
a more complete discussion of accretion onto satellite sub-
haloes (particularly, under what circumstances satellites are
net accreting baryonic matter), and the detailed relation-
ship between satellite quenching and the different accretion
channels for a future paper.
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4 ACCRETION AS A FUNCTION OF MODEL
PHYSICS
In this section, we build on §3, and focus on analysing the
same topics when changes are made to feedback physics. In
particular, we explore the qualitative and quantitative dif-
ferences in accretion onto haloes that arise with the inclusion
and parameterisation of stellar and AGN feedback.
4.1 Comparing baryon and dark matter accretion
In Figure 8, we show the median smooth baryon accretion
efficiencies in 2 bins of halo mass over the redshift range
z ≈ 0 to z ≈ 5, for various feedback implementations
as outlined in Tables 1 and 2. This illustrate the main
trends in gas accretion efficiency that we observe when
changing feedback physics over cosmic time (which we
explore further in Figure 9, comparing baryon and DM
accretion rates directly). The top panels show the raw
gas accretion efficiency over cosmic time, while the bot-
tom panels illustrate the gas accretion efficiency at each
redshift, normalised by the gas accretion efficiency seen
in the L50-REF run. The left panels in Figure 8 focus
on the halo mass range 1010.5M < Mhalo < 1011.5M
- the range in which we observe the largest differences
with stellar feedback physics, compared to non-radiative
and no-feedback physics. In these panels we illustrate the
runs in which changes to stellar feedback (or lack thereof)
have been made: L50-REF, L32-NONRAD (our in-house
GADGET box), L25-NONRAD, L25-NOFB, L50-NOAGN,
L25-WEAKSN and L25-STRONGSN). The right panels
focus on the halo mass range 1012.5M < Mhalo < 1013.5M
- the range in which we observe the largest differences
with varying AGN feedback physics. In these panels, we
illustrate the runs in which changes to AGN feedback (or
lack thereof) have been made: L50-REF, L50-NOAGN,
L50-AGNdT8, and L50-AGNdT9. We also compare our
work to the DM-based predictions presented in Dekel et al.
(2009) (see Equation 2), and Correa et al. (2015a,b,c).
These mass scales correspond to either side of the transition
mass scale (Mhalo ≈ 1012M) described in Bower et al.
(2017) - above which star formation driven outflows cease
to be buoyant, and are unable to prevent central mass
build-up (which ultimately feeds BH mass accretion and
AGN feedback).
Before looking at the influence of stellar and AGN feed-
back, we draw the reader’s attention to the differences be-
tween the L25-NONRAD (yellow) run and the L25-NOFB
(green) run in the left panels of Figure 8 - for the mass
range 1010.5M < Mhalo < 1011.5M. We notice that while
the non-radiative and no-feedback runs follow the same func-
tional form over redshift (overpredicting baryon accretion
rates compared to the full physics L50-REF run towards low
redshift), the L25-NOFB run exhibits systematically lower
baryon inflow rates than the L25-NONRAD run by a factor
of ≈ 25% (or 0.1 dex) for z . 2. We attribute this to the
buildup of particles around the FOF boundary for haloes
in the L25-NONRAD run, and the subsequent stochastic
crossing and ejection from this boundary adding to accretion
events. This is not the case in the L25-NOFB run, where we
initially see higher accretion rates due to less thermal pres-
sure with the inclusion of radiative cooling (at z & 2.5), but
less buildup and stochastic FOF accretion events at later
times. To verify this reasoning, we tested imposing our “sta-
bility” criterion: where we require particles to remain in the
halo at the snapshot after accretion onto be considered a
legitimate inflow candidate. When we impose this require-
ment, we observe that inflow rates in the L25-NOFB and
L25-NONRAD runs were essentially identical, supporting
our reasoning for the enhanced accretion in L25-NONRAD
in Figure 8.
Moving towards the influence of stellar feedback, we
find that there is tension between the Dekel et al. (2009)
and Correa et al. (2015a,b,c) predictions and the L50-REF
run at lower halo mass (1010.5M < Mhalo < 1011.5M) par-
ticularly at late times, with our accretion efficiencies signifi-
cantly (≈ 0.6 dex on average) lower than that those predicted
(as also observed in Figure 2. Since the accretion efficiencies
in the L25-NONRAD, L32-NONRAD and L25-NOFB runs
appear to agree very well with the DM-based predictions
(within a factor of ≈ 2), we argue that the implementation of
baryonic feedback processes, in particular stellar feedback, is
responsible for the tension at the low-mass end. Moreover,
since we also observe the tension with DM-based predic-
tions in the L50-NOAGN run, we argue that it is specifi-
cally the inclusion of stellar feedback which causes baryon
inflow onto low mass haloes to be severely suppressed (by up
to ≈ 1 dex), agreeing with the arguments of van de Voort
et al. 2011 with the older OWLS simulations. The physical
origin of this result is outlined in the work of Bower et al.
(2017), who show for haloes of mass Mhalo . 1012M that
star formation driven outflows are more buoyant than any
tenuous corona surrounding the halo, ultimately suppress-
ing gas inflow. This also agrees with the work of Mitchell
et al. (2020b), who find that the halo-scale mass loading
factor, η = 〈 ÛMwind, halo〉/〈 ÛM?〉, is highest in this mass range,
as a consequence of stellar feedback driven outflows. If we in-
crease the energy injected by stellar feedback (as in the L25-
STRONGSN run, dark blue), we see that gas accretion effi-
ciencies are suppressed by ≈ 20−30% compared to L50-REF
for the full redshift range, tapering slightly towards z = 0.
Correa et al. (2018) illustrate a similar result at the galaxy-
scale in the L25-STRONGSN run, where gas accretion was
also suppressed for central galaxies with Mgas . 1012M.
Somewhat counter-intuitively, if we instead tune down the
energy injection from stellar feedback (L25-WEAKSN, light
blue), then we see a slight suppression in gas accretion rates
towards z = 0 (a result also found at the galaxy-scale by Cor-
rea et al. 2018). This highlights the importance of consider-
ing the interplay between stellar and AGN feedback - partic-
ularly how stellar feedback affects SMBH behaviour. When
stellar feedback is weak, SMBHs in EAGLE are allowed to
grow more due to the accumulation of gas in galactic cen-
tral regions, leading to stronger AGN feedback in low-mass
haloes (Bower et al. 2017). As such, we argue that the slight
decrease in gas accretion seen in L25-WEAKSN is driven by
more (unphysically) efficient AGN relative to the L50-REF
run.
Focusing now on the right hand panels (where we use
a higher mass bin, 1012.5M < Mhalo < 1013.5M) we con-
centrate on AGN driven variations in accretion rates. The
reader should note that we only test the influence of AGN
feedback by using runs with altered temperature boost val-
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Figure 8. Top panels: Median total (both smooth and merger-based) baryon accretion efficiencies in bins of halo mass (left: 1010.5M <
Mhalo < 1011.0M, right: 1012.5M < Mhalo < 1013.5M) over the redshift range z = 0 to z = 4, for runs with various physical models,
outlined in Tables 1 and 2 (EAGLE reference physics in black, otherwise solid coloured lines). Bottom panels: The median total (both
smooth and merger-based) baryon accretion efficiencies for each run, normalised by the baryon accretion efficiency of the L50-REF run.
We display the 16th − 84th percentile range of accretion efficiencies for the L50-REF run as the shaded grey region. Our work is also
compared to the DM-based prediction presented in Dekel et al. (2009) and Correa et al. (2015c) (hatched pink and yellow, respectively,
shaded regions for each mass range). We draw the reader’s attention to the different axis ranges in each of the bottom panels. In the
lower halo mass range (left) we focus on stellar feedback implementations. We see that compared to the L25-NONRAD and L25-NOFB
runs, once stellar feedback is implemented (either in the L50-NOAGN run or the L50-REF run) there is a significant drop in baryon
accretion onto haloes, particularly at low redshift (where we see differences of ≈ 300 − 400%). In the higher halo mass range (right) we
focus on AGN feedback implementations, where it is clear that removing AGN feedback or using a more efficient AGN feedback model
can alter baryon accretion efficiencies at late times by ≈ 20 − 30%.
ues, essentially controlling how “explosive” the AGN feed-
back is: meaning we do not consider alterations to the
“strength” of AGN (i.e., the energy injection rate). Our work
(with fiducial physics) and the DM-based predictions agree
to within a factor of 2 in this higher mass regime, and show
the same functional form across redshift. This is contex-
tualised by the results in §3, where we show with fiducial
physics that baryon accretion rates approach DM accre-
tion rates (scaled to a factor of fb) in higher mass haloes,
Mhalo & 1011.5M. Focusing on the bottom right-hand panel
in Figure 8, we note that variations in AGN feedback make
a small difference to the baryon accretion rate compared
to the L50-REF box. At z ≈ 0 relative to the L50-REF
run, in the L50-NOAGN run, we observe enhanced gas ac-
cretion efficiencies by ≈ 30%, and in the L50-AGNdT8 run
(reduced AGN heating temperature from 108.5 K in the ref-
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erence box to 108 K), we observe an enhancement of closer
to ≈ 20%. Conversely, increasing the AGN heating tem-
perature (to 109K, L50-AGNdT9) induces a decrease in gas
accretion efficiencies by ≈ 20% at z ≈ 0.
Thus, in EAGLE, we see that the inclusion of stel-
lar feedback can modulate accretion efficiencies in the halo
mass range 1010.5M < Mhalo < 1011.5M by a factor of
≈ 4; while the inclusion and explosivity of AGN feedback
can modulate accretion efficiencies in the halo mass range
1012.5M < Mhalo < 1013.5M by a factor of 20% − 30%. The
much larger effect stellar feedback has relative to AGN feed-
back in these two regimes is due in part to the former acting
on average on lower-mass haloes, whose potential wells are
shallower than the massive haloes in which AGN feedback
acts. We do not investigate the influence of AGN feedback
on a halo-to-halo basis, however we refer the reader to the
work of Davies et al. (2019) and Oppenheimer et al. (2020)
who directly quantify the prevalence of AGN activity in in-
dividual galaxies, and show that stronger SMBH activity is
correlated with poor CGM gas content. Another important
consideration is the buoyant way in which stellar feedback-
driven outflows expand inside haloes, which lead to signifi-
cant halo gas mass being swept-up and removed from haloes.
Mitchell et al. (2020b) showed that halo-scale stellar feed-
back driven outflows in EAGLE are characterised by a mass
loading factor ≈ 10 times greater than at the galaxy level.
In Figure 9, similar to Figure 3, we illustrate the baryon
fraction of smooth-mode halo-accreted matter for redshifts
z ≈ 0 and z ≈ 2 for our full collection of standard res-
olution EAGLE variants, outlined in Table 1, as well as
our in-house GADGET L32-NONRAD run (Table 2). We
also plot the ratio of fb, RUN/ fb, L50−REF in the bottom pan-
els, to better illustrate the variations in each run compared
to reference physics. We first focus on the effects of stel-
lar feedback implementation, showing fb, inflow values from
the L50-REF model, as well as the weak (L25-WEAKSN,
light blue) and strong (L25-STRONGSN, dark blue) stel-
lar feedback runs. For halo masses Mhalo . 1011.5M, the
L50-REF and L50-NOAGN runs (i.e., runs including stellar
feedback) show a significant decrease in fb, inflow compared
to the L32-NONRAD, L25-NONRAD and L25-NOFB runs
by up to & 300%, with the discrepancy increasing towards
low redshift.
At higher redshift (z ≈ 2, right panels), in the halo mass
range Mhalo . 1011.5M, we see that decreasing the strength
of stellar feedback increases the baryon fraction of inflow by
≈ 20% − 30% compared to the L50-REF run, and that in-
creasing the strength of stellar feedback decreases the baryon
fraction of inflow by ≈ 40% − 50% compared to the L50-
REF. Interestingly, above this mass range, we see a very
slight (10% − 20%) decrease in fb, inflow for both the L25-
STRONGSN and L25-WEAKSN boxes. Here, we again be-
gin to note the importance of understanding the interplay
between stellar and AGN feedback in order to accurately
interpret these results (see Bower et al. 2017 for an in-depth
analysis of how stellar feedback modulates AGN activity in
EAGLE). In the case of the L25-STRONGSN box, we at-
tribute the drop in baryon accretion directly to the stronger
stellar feedback (similar to the lower halo mass range). In
the L25-WEAKSN box (where one might expect baryon in-
flow onto be bolstered, rather than suppressed), we attribute
the drop to unphysically enhanced AGN feedback, in the ab-
sence of sufficiently strong stellar feedback. Physically, less
pressure support and heating from stellar feedback allows
more gas to be funnelled towards the center of haloes which
are host to a SMBH. This increases the BH accretion rate
(and, therefore, the energy injection rate from AGN feed-
back), causing strong outflows in haloes that in the refer-
ence run were only affected by stellar feedback. The extreme
case is shown in the L25-ONLYAGN run, where the lack of
stellar feedback appears to increase the ability of AGN feed-
back to suppress gas inflow at low halo masses (down to
Mhalo ≈ 1010.5M).
Moving towards lower redshift (z ≈ 0), we see that the
differences between the L25-STRONGSN and L50-REF runs
in the mass range Mhalo . 1011.5M are similar to those anal-
ysed above at z ≈ 2. This said, at z ≈ 0, we actually mea-
sure enhanced baryon accretion in the L25-STRONGSN box
compared to L50-REF for haloes of mass Mhalo & 1011.5M.
Interestingly, in this mass range, the behaviour of the L25-
STRONGSN run and the L50-NOAGN run appear almost
identical. We argue that this is due to the increased en-
ergy injection from stellar feedback causing SMBHs to have
decreased accretion rates, eventually leading to suppressed
AGN feedback. Hence, in this mass range, doubling stel-
lar feedback energy injection induces the same baryon ac-
cretion behaviour we would expect if there were no AGN
feedback whatsoever. Correa et al. (2018) show that in the
L25-STRONGSN run the gas accretion at the galaxy-scale
increased relative to the L50-REF run for galaxies with
Mgas & 1012M. This again points to variations in the gas
accretion rate at the galaxy-scale to be largely driven by the
variations in the baryon content of the matter accretion at
the halo level.
Focusing instead on the effects of varying the AGN feed-
back implementation (comparing L50-REF, L50-NOAGN,
L50-AGNdT8 and L50-AGNdT9), we see for both redshift
panels that there is little change below Mhalo ≈ 1011.5M. At
z ≈ 2, we see differences between these runs only for the high-
est mass haloes, Mhalo & 1012M. Omitting AGN feedback
(L50-NOAGN, pink) may modestly increase baryon accre-
tion by ≈ 10%−20% compared to the L50-REF run, and de-
creasing the injection temperature to 108K (from 108.5K in
the reference physics model) in the L50-AGNdT8 run (red)
has the same effect of modestly increasing the baryon inflow
(albeit to a slightly lesser degree). Increasing the injection
temperature to 109K in the L50-AGNdT9 run (maroon) de-
creases the baryon inflow efficiency by the same very modest
percentages.
Towards z ≈ 0, the same variations in AGN treat-
ment produce much larger variations in baryon inflow. We
see the largest amplitude of modulation in the halo mass
range 1012M . Mhalo . 1013M - where the omission of
AGN feedback increases fb, inflow relative to L50-REF by
≈ 70%− 80%; decreasing the AGN injection temperature in-
creases fb, inflow by ≈ 30%− 40% compared to L50-REF; and
increasing the AGN injection temperature decreases fb, inflow
by ≈ 30%. Interestingly, for the highest mass haloes in the
50Mpc boxes at Mhalo & 1013M, AGN physics seems to
have very little impact on baryon accretion. Lagos et al.
(2018a) show that high mass centrals (M? & 1011.8M, cor-
responding to haloes of mass of Mhalo & 1013M) seem to
be preferentially more star-forming and fast-rotating than
observational counterparts, indicating that AGN feedback
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Figure 9. Top panels: The baryon fraction of field halo-accreted matter as a function of halo mass for redshifts z ≈ 0 (left) and z ≈ 2
(right) for EAGLE runs with various physical implementations, outlined in Table 1 (reference physics in black, otherwise solid coloured
lines). Bottom panels: The baryon fraction of field halo-accreted matter, normalised by the baryon fractions obtained in the L50-REF
run. Line transparency has been increased where the average efficiency has been calculated from a bin in which more than 50% of haloes
were subject to an accretion flux of less than 50 particles. To varying extents (and with different functional forms), we see a trend of
increasing halo-accreted matter baryon fractions with halo mass for each EAGLE run, with the exception of the adiabatic run which
has a roughly constant inflow baryon fraction with halo mass. We see stellar feedback primarily influences the low halo mass population,
Mhalo < 1011.5M, while AGN feedback influences the high halo mass population, Mhalo > 1011.5M (particularly at low redshift).
in the most massive EAGLE systems may not be strong
enough. Our findings provide context for this result, with
there being little modulation of halo-scale inflow by AGN
feedback in the L50-REF run compared to the L50-NOAGN
run for massive haloes, Mhalo & 1013M.
4.2 Channels of baryon and DM inflow
We now move on to discuss the effect that baryonic physics
has on the breakdown of accretion channels across cosmic
time. Figure 10 shows the breakdown of accretion channels
for baryons and DM in a selection of the EAGLE varia-
tions as a function of halo mass, at z ≈ 0 and z ≈ 2. In the
first row of panels, we show the DM accretion channels from
L50-REF, noting that the breakdown of DM accretion chan-
nels were effectively identical for each run. From the second
row of panels down, show baryon accretion channels for (i)
L25-NONRAD, (ii) L25-NOFB, (iii) L50-NOAGN, and (iv)
L50-REF - effectively step-wise introducing new baryonic
physics. The bottom panels act to remind the reader of the
normalisation of baryon accretion efficiencies in each mass
bin for the various runs.
Starting with the non-radiative physics run (L25-
NONRAD, 2nd row of panels), we see that the breakdown of
baryon accretion is very similar to that of DM in L50-REF
for each of the halo mass bins. The rate of mergers is highest
for massive haloes at high redshift, approaching 35− 40% of
all mass accretion at z ≈ 2. The proportion of recycled accre-
tion increases at late times to a steady ≈ 40−50%, decreasing
modestly with halo mass where mergers play a more dom-
inant role. In the 3rd row of panels, we show the influence
of introducing radiative cooling on the breakdown of accre-
tion channels with the L25-NOFB run. This change alters
the picture significantly, most notably reducing recycling in
haloes with mass Mhalo & 1011M (particularly at z ≈ 2). It
is this change that appears to produce the peak in first in-
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Figure 10. Channels of baryon and DM accretion as a function of halo mass for z ≈ 0 (left panels) and z ≈ 2 (right panels). We use
the same definitions of accretion channels as outlined in §2.3 and Figure 6, and the same halo mass bins as in Figure 6. In the first row
of panels we present our DM results from L50-REF for comparison (with DM channels not significantly changing between runs). In the
second-fifth rows of panels, we present the baryon accretion channels for 4 EAGLE variants, from top to bottom: (i) L25-NONRAD, (ii)
L25-NOFB, (iii) L50-NOAGN, and (iv) L50-REF. The bottom row of panels shows the median gas accretion efficiency in each of these
bins, to remind the reader of the relative normalisation of raw accretion rates as a function of halo mass for these different runs. We
show that the sequential introduction of radiative cooling, stellar and AGN feedback influences inflow channels considerably relative to
DM-only physics.
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fall baryon accretion that we previously saw with reference
physics in Figure 6, where recycling would otherwise domi-
nate. This drastic change tells us that the enhanced recycling
seen in L25-NONRAD is a result of non-radiative physics.
While we have not directly investigated particle trajecto-
ries, in the non-radiative runs we believe that more ther-
mal pressure around the FOF boundary means that particles
may enter the halo and promptly “bounce” back outside the
boundary. When these particles are eventually re-accreted,
this second accretion will be considered recycled. With ra-
diative cooling, the pressure support at the halo boundary is
reduced, meaning that first infall particles are more likely to
stay in the halo, and not be re-accreted at a later time. At at
z ≈ 2 in L25-NOFB, baryons are slightly more likely to be ac-
creted via mergers (i.e., less likely to be smoothly accreted)
compared to DM in higher mass halos (Mhalo & 1011.5M).
This is naturally expected in a run implementing radiative
cooling, as these processes allow baryons to accumulate at
the centres of haloes in a run-away fashion - also known as
overcooling (White & Rees 1978) - increasing the amount of
baryon mass contributed by mergers.
In the 4th row of panels, we introduce stellar feedback
in a larger box with the L50-NOAGN run. An interesting
result here is that the baryon growth from mergers drops by
a factor of ≈ 2 across halo mass compared to L25-NOFB at
z ≈ 0, producing the final small merger contribution we saw
in Figure 6. As discussed in §3.2.2 and 4.1, this is a con-
sequence of stellar feedback suppressing gas inflow onto low
mass haloes (see bottom panels), causing them to be baryon-
poor relative to the universal fb. Subsequent mergers involv-
ing these baryon-poor haloes provide predominantly DM
mass, and minimal baryonic matter. The recycled compo-
nent in L50-NOAGN remains suppressed compared to DM,
but is slightly increased compared to baryons in L25-NOFB
- a direct result of the ejection and re-accretion of baryons
driven by stellar feedback. We observe a small increase in
the transfer channel of accretion in L50-NOAGN compared
to L25-NOFB, which we attribute to particles being ejected
by particularly strong stellar feedback events and later re-
accreted to un-related haloes. It appears that high-mass ha-
los, Mhalo & 1012M, are slightly more likely to see enhanced
transferred accretion, a likely result of their deeper potential
well and ability to attract particles previously ejected from
smaller haloes, where stellar feedback-driven mass loading
is largest (Mitchell et al. 2020b).
Finally, in the 5th row of panels, we introduce AGN
feedback with L50-REF to reach the results we presented
in §3.2.2. There are minimal changes to observe with refer-
ence physics comparing to L50-NOAGN, however, we see a
slight change in that baryons are slightly less likely to be
recycled and more likely to be transferred relative to L50-
AGN at 1012M . Mhalo . 1013M for the z ≈ 0 panel.
This is due to AGN feedback boosting the outflow rates in
massive haloes by factors of 3 − 10 (with the exact value
increasing with decreasing redshift; Mitchell et al. 2020b).
Because the momentum and energy injection onto outflows
by AGN feedback is & 3 times larger than stellar feedback
at z < 1 in these massive haloes for the EAGLE reference
physics (Mitchell et al. 2020b), the ejected gas particles can
move further away from the potential well of these massive
haloes. A fraction of those particles are likely to escape the
potential well and not make its way back to re-accretion.
Without AGN feedback, this does not happen, and effec-
tively all ejected particles from haloes are expected to be
re-accreted by the same halo. Additionally, the higher virial
temperature associated with massive haloes prevents rein-
corporation of AGN-ejected gas due to (i) direct thermal
support in the intra-cluster medium (ICM), and (ii) less ef-
ficient cooling (given halo virial temperatures are above the
peak of the radiative cooling curve).
5 IMPLICATIONS FOR MODELLING
GALAXY EVOLUTION
In this section, we explore the implications of our results
in § 3 and § 4 on our understanding of galaxy evolution,
and their application to SAMs. We first discuss the depen-
dence of our results on the model used. While we have estab-
lished that there is significant feedback-induced suppression
of halo-scale gas inflow onto low-mass haloes in EAGLE,
the scale at which inflows interact with outflows and the
dynamics of this interface are not well understood.
Mitchell et al. (2020b) compare outflow rates and mass
loading on various scales in EAGLE with other hydrody-
namical simulations (e.g. from Illustris-TNG - Nelson et al.
2019; Horizon-AGN - Beckmann et al. 2017). They find that
although trends across halo mass are qualitatively similar,
the biggest uncertainty comes from the scale over which
outflows are measured. At M? ≈ 109M, outflow rates in
Illustris-TNG appear to be stifled between 10 and 50 kpc,
while outflow flux remains the same in EAGLE at 50 kpc
compared to 10 kpc. In general, Illustris-TNG seems to pre-
fer a galactic-fountain picture with strong recycling over
smaller scales. EAGLE, on the other hand, produces out-
flows that remove comparatively less material from galax-
ies, but that become significantly entrained as they ex-
pand in the haloes (resulting in the ejection of material
to much larger radii compared to Illustris-TNG, Mitchell
et al. 2020b). As such, it is important for us to note that
simulation-based halo-scale inflow measurements, and the
impact of sub-grid physics, are almost certainly strongly
model-dependent (as is explored further in Mitchell et al.
2020a). Similarly, variations in the baryon inflow rate onto
haloes are also model-dependent. This highlights the need
for observational constraints on the physical properties of
accreting gas (temperature, density and metallicity), and in
an upcoming paper (Wright et al. in prep), we show how
these physical properties are sensitive to both the sub-grid
physics implemented, and the channel through which the
gas is accreting by. These differences may be a promising
way of using observations to indirectly constrain the effect
of outflows and inflows at the scale of haloes and beyond.
Moving onto the implications of our results for SAMs,
we first remind the reader that most SAMs use merger trees
produced from DM-only simulations as a base to form and
evolve galaxies, with haloes growing their baryonic mass
based on the net change in DM mass (modulo a factor of
fb). The baryon budget within the halo is then managed an-
alytically, and evolved with the specific models implemented
within the SAM. Our work highlights a seldom-addressed
issue comparing mass growth between SAMs and hydrody-
namical simulations, with the significance of DM recycling
indicating that gross DM accretion rates do not necessarily
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reflect net DM growth within a halo. One could argue that
it is more appropriate to model baryon growth based only
on first infall DM accretion rates (which would require halo-
by-halo accretion calculations compared to a simple ∆M cal-
culation). We defer a full discussion of this topic to a future
paper.
While halo-scale inflow has been shown to be less sen-
sitive to baryonic feedback compared to galaxy-scale inflow
(e.g. van de Voort et al. 2011, Nelson et al. 2015), we argue
that the suppression of halo gas inflow with the inclusion
of stellar feedback (by up to ≈ 1 dex for lower mass haloes,
< 1011 M, see Figure 9) is significant enough to have impli-
cations on the treatment of baryons in SAMs. Most SAMs
implement some form of stellar and AGN feedback by eject-
ing gas from galaxies into the CGM, or from the halo en-
tirely. We have shown here, however, that feedback plays a
dual role in not only ejecting baryons from galaxies, but also
preventing subsequent inflow onto their host halo. We would
expect this effect to be significant in haloes in the mass
range Mhalo . 1012M (corresponding to M?, cen . 1010M),
where baryon inflow is . 50% of that expected from DM
(at z . 1). Our resolution with L50-REF limits us to only
making this conclusion for haloes of mass Mhalo & 1010.5M
(corresponding to M?, cen ≈ 107.5M), however we can con-
fidently see this suppression continuing below this mass (to
Mhalo ≈ 1010M, where M?, cen ≈ 107M) in the L25N752-
RECAL run; see Appendix Figure B1.
In the aforementioned mass range (Mhalo . 1012M)
that we have established there to be baryon depleted inflow,
haloes in current SAMs are subject to over-predicted gas in-
flow rates by up to 1 dex. Mitchell et al. (2018) showed that
halo baryon fractions in EAGLE are far lower than those
found in GALFORM for haloes with mass . 1012.5M. Our
findings contextualise this result, showing that these overly
baryon rich haloes in SAMs could be plausibly explained by
over-predicted baryon growth. This puts pressure on feed-
back mechanisms in SAMs, particularly stellar feedback, to
remove the excess baryons in order to reproduce observa-
tional standards. While SAMs have had success in repro-
ducing a number of calibrations from observations (e.g. the
stellar mass function, see Henriques et al. 2015; Lacey et al.
2016; Lagos et al. 2018b), it has been shown that they do
so for very different reasons compared to hydrodynamical
simulations (Mitchell et al. 2018).
Lu et al. (2017) show, with a semi-analytic approach
(outlined in Lu et al. 2016), that an exclusively “ejective”-
mode feedback implementation cannot simultaneously re-
cover the mass-metallicity relation (MMR) and stellar mass
function found in low mass Milky Way dwarfs. They ar-
gue that with the strong stellar-driven outflows required to
suppress star formation also comes the ejection of metals,
eventually producing an artificially steep MMR that pre-
dicts lower metallicity dwarfs than observed. On the other
hand, hydrodynamical simulations, which naturally include
the “preventative” effect of feedback and suppression of gas
inflow (not just the “ejective” effect), are able to reproduce
the shape of the observed MMR fairly robustly where inner-
haloes retain adequate metal content (e.g. EAGLE - Schaye
et al. 2015; Illustris - Torrey et al. 2014). Agertz et al.
(2020) highlight the ability of the MMR in assessing the
accuracy of models, showing that changes to stellar feed-
back significantly influence the MMR without necessarily
influencing other commonly used scaling relations (e.g. in-
volving half-mass radii and stellar velocity dispersions). Our
results further support the notion that “preventative”-mode
feedback (in particular, stellar feedback-induced suppression
of baryon inflow), in addition to traditional “ejective”-mode
feedback, is necessary to accurately model galaxy formation
and evolution in SAMs: not just at the galaxy-scale, but also
at the halo-scale.
Lastly, as briefly discussed in §3.3, we show that satellite
subhaloes are certainly still capable of accreting cosmolog-
ical gas. Most SAMs will assume that satellite galaxies are
cut off from cosmological accretion upon infall to a larger
host halo: an assumption which we plan to further investi-
gate in a future paper, with an analysis of the conditions
under which satellite subhaloes are able to net accrete bary-
onic matter.
The above discussion points to the fact that feedback
has two-fold profound influence on halo-scale baryonic mass
assembly - in (i) removing baryonic matter from galaxies and
haloes, and then (ii) preventing further baryonic inflow. This
level of complexity (particularly the preventative aspect) is
not captured by SAMs, and important revisions are therefore
required for these tools to accurately model the effects that
we analysed in this paper.
6 SUMMARY
In this paper we have presented measurements of halo-scale
baryon and DM inflow rates in the EAGLE suite of sim-
ulations. Our FOF-based algorithm, chumm, recovers gas
inflow efficiencies ( ÛMgas/ fbMhalo) that are in broad quantita-
tive agreement presented in previous literature using hydro-
dynamical galaxy formation simulations (e.g. van de Voort
et al. 2011, Correa et al. 2018) to within ≈ 0.2 dex at both
z ≈ 0 and z ≈ 2 (see Figure 2). We consider accretion in 4
different channels: (i) first infall (accreting particles which
have never been identified as part of a halo in the past),
(ii) recycled-mode (particles which have been processed in a
progenitor halo beforehand, but were most recently accreted
from the field) (iii) transfer (particles which have been pro-
cessed in a non-progenitor/unrelated halo beforehand, but
were most recently accreted from the field) , and (iv) merger-
mode (particles which were accreted to a halo which, at the
previous snapshot, were part of another halo). Our main
findings using the fiducial physics EAGLE run L50-REF
were presented in § 3, and are summarised below:
• Baryon accretion is suppressed relative to DM in
low mass field haloes (Mhalo . 1012M, corresponding to
M?, cen . 1010M) by up to 1 dex (see Figure 3). This
effect is particularly prominent towards late times, where
the halo-to-halo variance in fb, inflow = ÛMbar/( ÛMbar + ÛMDM) is
also largest. In the same mass range, the baryon fractions
of halo-scale inflow are very well-correlated with halo-wide
baryon fractions (most notably in the CGM), suggesting a
causal effect (see Figures 4 and 5).
• Regarding accretion channels:
(i) The merger-mode growth channel is of lesser impor-
tance for baryons compared to DM in more massive haloes
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(Mhalo & 1012M), particularly at late times. This is di-
rectly attributable to the baryon depletion of the low mass
haloes that contribute mass in mergers (see Figure 6).
Baryon depletion of low mass haloes could either be due
to the aforementioned baryon poor inflow, or stripping &
pre-processing in the case of satellites, see Bahe´ & Mc-
Carthy 2015; Bahe´ et al. 2019), which are only capable
of contributing significant mass in the form of DM during
merger events.
(ii) Compared to baryonic matter, smoothly accreted DM
is significantly more likely (by a factor of ≈ 2) to have
been recycled in a halo than to be on first infall (with
the exception of higher mass haloes, Mhalo & 1012.5M, at
z ≈ 0). This is a reflection of the ubiquitous suppression of
baryon inflow onto low mass haloes over cosmic time: any
given baryon particle is less likely to have been accreted at
some point in the simulation compared to a DM particle.
• Inflow rates to satellite subhaloes are influenced by their
stellar-to-halo mass ratio (M?/Mhalo) and their normalised
halo-centric distance (Rsat, halo/R200, halo) with more massive
satellites and satellites at larger radii relative to their host
being more likely to see higher gas accretion rates (Figure
7).
In §4, we go on to investigate the influence of sub-grid
physics on the results that we summarise above, by making
use of several additional simulation runs (outlined in Tables
1 and 2). We find that:
• In EAGLE, the significant suppression (by up to ≈ 1
dex) of fb, inflow in low mass haloes (Mhalo . 1012M) com-
pared to the universal fb is a direct result of the intro-
duction of stellar feedback (see Figures 8, 9). In addition,
the interplay between stellar and AGN feedback in EAGLE
has a profound influence on gas inflow. Weakening stellar
feedback can lead to runaway SMBH accretion and subse-
quent AGN outflow, which can heavily suppress gas accre-
tion rates (for an in-depth explanation of the interaction
between stellar and AGN feedback in EAGLE, see Bower
et al. 2017). For a fixed stellar feedback implementation, we
see that altering AGN feedback injection temperature (“ex-
plosivity”) can modulate gas inflow rates in high mass haloes
(Mhalo & 1012.5M by ≈ 25 − 50%) - see Figures 8 and 9.
• Gas inflow channels are strongly influenced by sub-grid
physics (Figure 10). Gas and DM are accreted onto haloes
with similar contributions from both smooth/merger and
recycled/first infall channels in the runs with no radiative
cooling, star formation and feedback. Introducing radiative
cooling leads to a decrease in the gas recycling fractions,
which we attribute to gas cooling removing the thermal
pressure at the virial radius that naturally builds up in the
non-radiative runs. Adding stellar feedback with the L50-
NOAGN run increases the importance of the baryon recy-
cling and transfer accretion channels at all halo masses as
a result of supernovae-driven outflows, which are eventu-
ally re-accreted onto the halo - see Figure 10. Introducing
AGN feedback with L50-REF has little influence on the im-
portance of the different accretion channels analysed here
compared to the L50-NOAGN run, however marginally re-
duces the recycling-mode and increases inter-halo transfer-
mode of baryon inflow for high mass haloes, Mhalo & 1012M,
which we attribute to AGN outflows being sufficiently strong
to entirely eject gas particles from haloes, without eventual
reincorporation.
In §5, we discuss the model-dependence of our re-
sults, and the implications that our findings have on semi-
analytic approaches with supporting literature. We argue
that preventative-mode feedback (i.e., suppressing gas in-
flow), in addition to traditional ejective-mode feedback (i.e.,
energetic gas outflows) are both important manifestations
of stellar feedback in EAGLE. This dual effect (even at
the halo-scale) seems to be required to accurately model
the behaviour of low mass haloes (with a particularly use-
ful calibration of stellar feedback being the mass-metallicity
relation - see Lu et al. 2017; Agertz et al. 2020).
We point the reader towards the work of Mitchell et al.
(2020a) for an in-depth analysis of the physics of accretion in
EAGLE towards the CGM- and galaxy-scale, together with
the interplay between outflows, inflows and recycling. In a
future paper, we will look to further investigate gas accretion
onto subhaloes in hydrodynamical simulations: specifically,
the conditions under which subhaloes are able to net grow
in baryonic mass. This is a topic of of particular interest
for SAMs, as most will assume that satellite galaxies are
abruptly cut off from cosmological accretion upon infall to
a host. Additionally, in another future paper, we plan to ex-
amine the properties of accreting baryons at the halo-scale:
specifically the temperature, density, and metallicity of in-
flow particles around the virial radius. We will investigate
the sensitivity of these properties to sub-grid physics imple-
mentations, which could have observational applications in
being able to constrain the effect of outflows and inflows at
the halo-scale.
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APPENDIX A: FIELD HALO MASS
DISTRIBUTIONS
With the aim of providing the reader a measure of the sam-
ple sizes we use to draw conclusions from, we show in Fig-
ure A1 the number of field haloes as a function of halo mass
for various runs used throughout the paper. The bin size we
use is identical to that used throughout the rest of the paper
(unless otherwise stated).
APPENDIX B: RESOLUTION CONVERGENCE
Schaye et al. (2015) introduced the concept of “strong” and
“weak” convergence tests. Strong convergence refers to the
case where a simulation is re-run at higher resolution, with
both better mass and spatial resolution, adopting exactly the
same sub-grid physics models and parameters. Weak conver-
gence refers to the case when a simulation is re-run at higher
resolution but the sub-grid parameters are recalibrated to
recover, as best as possible, the level of agreement with the
adopted calibration diagnostic. In the case of EAGLE, the
z = 0.1 galaxy stellar mass function and stellar size-mass re-
lation of galaxies. With this purpose, two higher-resolution
versions of EAGLE were introduced by Schaye et al. (2015).
Both in a box of (25 cMpc)3 and with 2 × 7523 particles.
These simulations have better mass and spatial resolution
than the intermediate-resolution of the L50-REF simulation
by factors of 8 and 2, respectively. The EAGLE L25N752-
REF adopts identical parameters to the standard resolution
reference runs, whereas L25N752-RECAL has 4 parameters
that were recalibrated to reproduce z = 0 observables above.
Hence, a comparison between L25N376-REF and L25N752-
REF represents a strong convergence test, while a compari-
son with L25N752-RECAL is a weak convergence test. Here,
we compare with both high resolution runs to examine the
convergence of our results.
Figure B1 shows accretion rates (left) and inflow baryon
fractions (right) as a function of halo mass for the L25N752-
RECAL, L25N752-REF and L25N376-REF (we also include
L50-REF in black). Focusing on raw accretion rates (left
panels), DM accretion rates agree very well between differ-
ent resolutions, and show very little spread (. 0.5 dex across
all halo masses), while gas accretion rates are systematically
enhanced in L25N752-REF and L25N752-RECAL compared
to L50-REF by ≈ 0.1 − 0.2 dex. The natural spread in gas
accretion rates increases towards lower halo masses for the
3 runs shown, however the magnitude of the spread at a
given halo mass is slightly less in the higher resolution runs.
In the right panels we illustrate fb, inflow using our primary
FOF method (solid lines), and also using the R200 spherical
overdensity method (densely dotted lines, only for L50-REF
and L25N752-RECAL). Similar to raw accretion rates, we
see that baryon accretion rates relative to DM are systemati-
cally enhanced in L25N752-REF and L25N752-RECAL com-
pared to L50-REF by ≈ 0.1−0.2 dex (the offset fairly steady
over halo mass). We see the same enhancement of gas ac-
cretion using our R200 method, indicating that this result is
not a consequence of methodology, and is rather a physically
meaningful reflection of the different accretion rates between
the simulations. Although enhancement of gas accretion is
seen with higher resolution, the decrease in gas accretion
relative to DM remains significant nonetheless. We there-
fore remain confident in our conclusions regarding fb, inflow
using the standard resolution L50-REF run. Enhanced gas
accretion rates in the higher resolution runs offers an expla-
nation for differences between these two simulations previ-
ously reported. Figure 11 in Schaye et al. (2015) and Figure
B1 in Collacchioni et al. (2019) show enhanced specific star
formation rates (SSFRs) and accretion rates onto galaxies
that leads to star formation, respectively, in the L25N752-
RECAL run relative to the 100 Mpc reference box for galax-
ies in the stellar mass range M? . 1010M. These enhance-
ments are likely the consequence of the enhanced baryon
inflow rate at the halo level, which increases the abundance
of gas available for eventual star formation. Based on the
findings in Figure B1, we find convincing strong/weak con-
vergence between L50-REF and L25N752-REF/L25N752-
RECAL when measuring DM accretion rates, and slight ten-
sion when comparing gas accretion rates (the tension being
quantitatively consistent when using recalibrated parame-
ters compared to reference parameters).
APPENDIX C: TEMPORAL CONVERGENCE
As explained in §2.3, our accretion rates are calculated over
a finite time interval, and our accretion rates are therefore
sensitive to the choice of ∆t . In the case of EAGLE, we
elect to use adjacent snapshots to constitute the time in-
terval for accretion (corresponding to a ∆t value closest to
∆t ≈ 1 Gyr at z ≈ 0, or, more generally, ∆t ≈ 0.5−1× tdyn(z)).
We would consider our results to be converged if our accre-
tion rates represent an accurate time=integrated measure
of matter inflow, with minimal contribution from stochastic
particle accretion and outflow events over short timescales
( tdyn(z)). Figure C1 shows accretion efficiencies at z ≈ 0
in the L32-NONRAD run as a function of halo mass, for
a number of different ∆t interval lengths to investigate the
sensitivity of our algorithm to the time interval. We find
with adiabatic physics that accretion rates converge towards
longer intervals, with shorter ∆t intervals leading to higher
instantaneous accretion rates. This is likely a consequence of
more stochastic inwards crossings of the FOF boundary over
shorter timescales, while longer ∆t intervals yield a more ac-
curate time integrated accretion rate. Given our temporal
convergence test in Figure C1 using L32-NONRAD, we can
be confident that our calculations in EAGLE using longer
MNRAS 000, 1–25 (2020)
Halo-scale mass assembly in EAGLE 25
Figure A1. The number of field haloes in a selection of runs as a function of halo mass for 4 redshifts: z = 0.1 (top left panel), z = 1.0
(top right panel), z = 2.0 (bottom left panel), and z = 3.5 (bottom right panel). In each panel we show data for (i) EAGLE L50N752-REF
(black), (ii) GADGET L32N512-NONRAD (khaki), (iii) EAGLE L25N752-RECAL (blue), and (iv) EAGLE L25N376-REF (grey). Any
alternative physics runs in Table 1 with 50 (25) Mpc box size show very similar halo mass distributions as L50-REF (L25-REF). We use
36 equally log-spaced bins from Mhalo = 106M to Mhalo = 1015M, corresponding to a bin size of 0.25 dex.
∆t intervals have converged towards accurate time integrated
accretion rates. This is further evidenced in the convergence
tests presented in Mitchell et al. (2020a), who show a simi-
lar trend using full EAGLE physics. It should also be noted
that the behaviour of accretion efficiency with halo mass
remains identical comparing different ∆t values, albeit with
different normalisation - meaning that even if the interval we
used did not yield accurate time-converged accretion rates,
our qualitative results would not be significantly influenced.
APPENDIX D: FOF INFLOW COMPARED TO
SO INFLOW
Figure D1 illustrates the behaviour of our primary FOF-
based accretion algorithm (solid black line) compared to
an R200 spherical mass flux based calculation (coloured
lines representing inflow over a collection of fractional R200
spheres). We also show accretion efficiencies if we neglect to
include accretion rates to satellite subhaloes (dotted line)
compared to the standard FOF algorithm (which includes
accretion onto satellites). We note that the FOF algorithm
neglecting satellite accretion agrees very well with accretion
flux to the R200 sphere (purple line). Unsurprisingly, includ-
ing accretion onto satellites increases accretion rates, partic-
ularly for higher mass haloes (Mhalo & 1011.5M), which are
host to more substructure. This increase compared to R200-
based inflow is small, of order ≈ 0.1 − 0.2 dex. This compar-
ison gives us confidence in our results, indicating that the
influence of the method is both minimal and predictable.
This paper has been typeset from a TEX/LATEX file prepared by
the author.
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Figure B1. Left panels: Inflow rates (top) and spread (bottom) as a function of halo mass for gas (solid lines) and DM (dashed lines),
for the standard resolution EAGLE L50N752-REF box (black) and 2 higher resolution boxes: L25N752-RECAL (blue) and L25N752-
REF (orange). Right panels: inflow baryon fractions (top) and spread (bottom) as a function of halo mass, for the same runs. We also
compare the baryon fractions from an R200 inflow algorithm for the L50N752-REF and L25N752-RECAL runs (densely dotted lines).
Line transparency has been increased where the average efficiency has been calculated from a bin in which more than 50% of haloes
were subject to an accretion flux of less than 50 particles. We see similar results for DM inflow rates irrespective of resolution, and the
same trend for gas accretion onto be suppressed at lower halo masses. We do, however, observe that both higher resolution runs exhibit
enhanced gas accretion rates. The spread is marginally reduced for the higher resolution runs at the low mass end. This result is robust
using both FOF and R200 inflow algorithms.
Figure C1. Inflow efficiencies (calculated using a GADGET-
SPH based non-radiative 32Mpc box with 5123 DM and gas par-
ticles) as a function of M200 for a collection of ∆t values (all inter-
vals ending at z ≈ 0). Shorter accretion intervals show increased
instantaneous accretion flux, while efficiencies appear to converge
towards correct time-integrated inflow flux when we use longer
∆t values, & 1 Gyr, at z ≈ 0. A similar result is found using full
EAGLE physics in Mitchell et al. (2020a).
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Figure D1. Inflow efficiencies at z ≈ 0 for the L50-REF box over
a collection of R200 fractional spheres (coloured lines), compared
to (i) FOF inflow including satellites (our primary method, black
solid line), and (ii) FOF inflow onto only the central subhalo (i.e.
neglecting satellites, black dotted line). Line transparency has
been increased where the average efficiency has been calculated
from a bin in which more than 50% of haloes were subject to
an accretion flux of less than 50 particles. We observe that our
FOF algorithm agrees well with the R200 algorithm at halo masses
below 1011.5M, but shows slightly enhanced gas accretion above
this mass scale, which we attribute to accretion onto satellite sub-
haloes. When we only include accretion onto the central subhalo,
we also see good agreement with the R200 calculation to within
0.1 dex for halo masses above 1011.5M.
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